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1. EXECUTIVE SUMMARY

1.1 INTRODUCTION

Carbon fiber (CF) composites are being used to an increasing extent
in commercial aircraft, due to their excellent structural properties.
Since carbon fibers are highly conductive, a potential risk has been
identified in the event that an aircraft with CF composite structures is
involved in an accidental fire. If carbon fibers are released from the
fire, they could disperse in the atmosphere and eventually cause damaging
short circuits in electronic equipment at remote locations. This phenom-
enon could conceivably result in economic losses ranging from repair of
failed equipment to interruption of business operations, and could affect
many segments of society. The purpose of this study was to assess the
risks presented to the nation as a whole by the use of CF composites in
commercial aircraft, in terms of the potential economic losses from air

carrier accidents.

To support the investigation, experimental data from a number of
different sources were used, including tests of CF release from burning
composites and vulnerability tests for selected equipment. Field surveys
were conducted in the vicinity of several major airports in order to
characterize the types of facilities that might be exposed to carbon
fiber releases. Census data were employed to enumerate the numbers of
residential and commercial establishments in the vicinity of the 26 large
hub airports identified by the Federal Aviation Administration. These
data formed part of the input to a risk simulation model, which produced
a "conditional risk profile', showing the probability of different
amounts of loss given that an accidental release of CF has occurred.
Finally, a national risk profile was developed, which estimates the
annual losses due to CF usage in commercial aircraft based upon the

anticipated usage in 1993. These results are presented in Section 1.4
below.
Many of the input parameters that entered into this risk assessment

were based upon exis\ting data, and are subject to future refinement as

a result of programs currently being sponsored by NASA and other organi-



zations. In addition, the approach used to estimate risks involved a
number of assumptions, which were necessary either because the events and
processes involved were not fully understood, or because it was not
possible to model them in sufficiently fine detail within the scope of
this study. Hence, the risk profiles that were generated have some
uncertainty attached to them. The overall intent was to develop conserv-
ative risk estimates which would overstate rather than understate the
risk, and to provide quantitative results which were useful for decision-
making given our current state of knowledge. Application of the present
methodology to an enhanced set of inputs will produce an improved risk

assessment.

1.2 GENERAL APPROACH

1.2.1 Objectives

The objectives of this study may be summarized as follows:

e To project the utilization of CF composites in commercial

aircraft from the present until 1993.

e To estimate the probability and magnitude of CF release

from accidental fires during normal air carrier operationms.

e To analyze the possible dispersion of fibers due to a
fire or a fire with a delayed explosion, and their pene-

tration of surrounding structures.

e To quantify the economic losses that might result from
fibers making contact with electronic equipment and

inducing failures.

1.2.2 Methodology

To satisfy the above objectives, a methodology was developed which
analyzes the entire sequence of relevant physical events and then simulates
these events repeatedly to obtain a probability distribution of the
resulting losses. The methodology may be understood by referring to

Figure 1-1.
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The specific airports selected for detailed analysis were the 26
large hubs which account for a majority of air traffic in the U.S. Using °
aviation statistics in conjunction with airport characteristics, the
probability of an accident with fire involving a commercial jet aircraft
was computed for each large hub. A finite set of accident scenarios were
derived, and carbon fiber release conditions were developed for each
scenario, incorporating information about CF composite utilization and
typical severity and duration of fires. These conditions formed the
basis for release scenarios, which included the location of the accident,

the total CF mass released, and the type of release —either a fire plume

or an explosive release.

The release scenarios were fed as input to either of two dispersion
models, which took into account the probable atmospheric conditions
surrounding the accident. Both the fire plume dispersion model and the
fire-explosion dispersion model assumed that all CF was released as
single fibers with a uniform settling velocity. Using Pasquill-Gifford
dispersion parameters, these models calculated the resulting exposure
at various distances from the accident locations. Exposure distributions
were determined within 40 sectors of a circular grid centered at the airport.
Wind directions played an important role in determining the sectors with

maximum exposure.

By means of field work and census data, the potentially vulnerable
facilities were enumerated in each of these geographic sectors. Facilities
were divided into industrial categories, and private residences were also
considered. The amount of electronic equipment exposed was then estimated
by facility. Penetration of fibers into building interiors was analyzed,
and the vulnerability of equipment to failure was modeled in probabilistic
fashion, based upon experimental data. This permitted computation of the
expected number of equipment failures. Finally, by means of an economic
analysis of various possible losses, the total dollar damage resulting

from CF exposure was estimated.

The simulation model generated a risk profile by repeatedly and

randomly selecting accident scenarios and determining the resulting losses.

Ya



This was done for each large hub, and then the 26 risk profiles were
extrapolated to yield a national risk profile, which also incorporated
the risk from cruise accidents between airports. Numerical details of
the input data developed for the simulation and of the final results are

provided in Sections 1.3 and 1.4.

1.2.3 Important Assumptions

A number of assumptions were incorporated into the risk analysis.
These were necessary either because precise information was not available
in certain areas, or because the scope of the study did not permit
elaboration of certain issues. The most important of these assumptions
are listed below, and the anticipated effect of each one upon the resultant
risk profile is indicated. These effects fall into three categories:

Conservative, implying an overestimation of risk; non-conservative,

implying an underestimation of risk; and unclear, implying that no
definite effect upon the risk can be expected in either direction. Most
of the assumptions that were adopted are conservative, but particularly
in the area of economic loss estimation there may be additional costs
which we were not able to quantify. Future investigations will focus
upon validating or modifying some of these assumptions, and obtaining

more detailed descriptions of economic impacts upon various facilities.

e If an aircraft carries composite, and a fire occurs,
the composite will always be involved.
Effect: Conservative. Portions of the aircraft

containing CF may not be damaged by fire.

e Explosive releases of CF are possible, in which up
to 25% of the CF mass can be released almost instan-
taneously.
Effect: Conservative. It has not yet been demonstrated
that fuel deflagrations in aircraft fires will produce

this phenomenon.



ALl CF released from a fire is in the form of single
fibers.

Effect: Conservative. Single fibers will disperse
farthest, and have the greatest potential for pene—
trating to equipment. (The one possible exception is

the vulnerability of power stations to clumps of fibers.)

Atmospheric conditions remainm constant during dispersion
of the carbom fiber cloud.

Effect: Unclear. Though weather will fluctuate, the
net effect onm dispersion should average out over many

simulation trials.

The presence of precipitation is ignored im the dispersion
analysis..

Effect: Conservative. Precipitation would tend to wash
outt airborne fibers and reduce downwind exposures..

Withinm a facility category, all facilities are assumed
to be similar im terms of penetration properties and
economic characteristics..

Effect: Unclear. Considerable variations will exist
among, facilities, but these will average out when losses

are aggregated over a large area.

Equipment is assumed to be in am activated state during

exposure.

Effect: Conservative. Reactivationm of equipment after

exposure may produce failures, but vulnerability im such

a case 1Is most probably reduced.

If a unit of critical equipment fails, the facility is
shut: down.
Effect: Conservative. The presence of redundancies or

backup equipment may minimize economic loss..

*a



e Secondary impacts of business interruption are not included

in the economic loss estimate.

Effect: Non-conservative. The shutdown of one facility
may have subsequent impact upon other sectors of business

or society at large (e.g., mass transit, telephone system).

e The amount of vulnerable electronic equipment is assumed
to remain at current levels.
Effect: Non-conservative. Rapid growth is expected in the

electronics industry during the next decade.

e Costs associated with decontamination and precautionary
procedures are not incorporated.
Effect: Non-conservative. The cost of anticipating
failures due to CF release or of preventing additional
failures subsequent to a release may be significant,

especially at vital installations such as airports.

1.3 ANALYSIS OF DAMAGE SCENARIOS

1.3.1 Carbon Fiber Markets

The first objective of the study was to investigate the market for
fiber composites from the present day until 1993. There are several
types of carbon fiber composites being produced, but they all consist of
fine carbon filaments bound into an epoxy matrix. (Fibers can be released
accidentally only if this matrix is burried away.) The producers and
users of carbon fibers were identified, and market growth was forecast
for sporting goods, aerospace, and the industrial sector. The overall '
projected growth rate for CF usage was 25% to 30% per year. For commercial l
air carriers, the applications of CF are expected to be restricted to
jet aircraft, so the subsequent accident probability analysis ignored
other aircraft. CF usage was also examined for both general aviation
and helicopters, but these were not included in the scope of the risk
assessment. According to estimates furnished by NASA, in 1993 approximately ‘
50% of the domestic jet fleet will carry carbon fibers, with average CF

weight per aircraft ranging from about 500 kg to about 2000 kg depending



on the aircraft size. These were comparable to predictions developed
independently by Arthur D. Little, Inc. The NASA projections, which

were used as inputs to the risk simulation, are displayed in Table 1-1.

1.3.2 Accident Probability Estimates

The frequency and nature of domestic air carrier accidents were
examined through a detailed analysis of National Transportation Safety
Board records. A data base was constructed for all accidents or
incidents from the years 1968 through 1976, and attention was focused
upon those accidents involving total destruction or substantial damage
of jet aircraft, along with fire or explosion. Through a statistical
analysis of the data, probability distributions were derived for a
number of variables which characterize an accident scenario, including
the weather conditions, the phase of operation, and the location of the
accident. Accidents involving only fire were distinguished from those
in which a fire was followed by a delayed explosion, caused by rapid
deflagration of fuel. The present incidence of accidents with fire for
jet operations was found to be approximately 5 per year. Taking into
account the growth of air traffic and the projected CF usage, 3.2 accidents

per year are predicted in 1993 with a potential for CF release.

The results of the accident probability analysis are highlighted in
Table 1-2, which shows the expected frequency of incidents or accidents
under different weather conditions, and in Table 1-3, which shows the
likelihood of various accident characteristics given that an accident
occurs. Instrument Flight Rules (IFR) weather corresponds to poor
ceiling and visibility, and accidents are much more likely under these
conditions. Table 1-4 shows the estimated proportion of accidents or
incidents which occur on-airport. In the full analysis, the actual
spatial location of an accident relative to the runway was simulated,
taking into account the orientation and usage of the runways for each

hub airport.

co



TABLE 1-1

FLEET MIX AND AMOUNT OF CARBON FIBER USED
(As per NASA/AC Companies' Projection)

1985 ——=mmmmm e 1993
% of 7 Wt. of CF per % of Z Wt. of CF per
Total Carrying Fiber Aircraft (kg) Total Carrying Fiber Aircraft (kg) .
& Small 25 20 100 25 50 500
Mediun 60 20 150 60 60 700
Large 15 33 500 15 50 2000




TABLE 1-2: EXPECTED FREQUENCY OF JET AIRCRAFT ACCIDENTS WITH FIRE

(Based on 1968-1976 Data)

FREQUENCY PER 10 MILLION OPERATIONS

IFR WEATHER (11%)

VFR WEATHER (89%) | OVERALL

Cruise 2 1 1
Static, Takeoff, or Landing 24
All Phases 26 4 2

TABLE 1-3: CONDITIONAL PROBABILITY OF PHASE OF OPERATION AND
SEVERITY OF DAMAGE FOR JET ACCIDENTS WITH FIRE

(Based on 1968-1976 Data)

TOTAL DESTRUCTION

SUBSTANTIAL DAMAGE

Take—~off 0.16 0.09
Landing 0.38 0.07
Cruise Sl 0.05
Static or Taxi 0.04 0.10

TABLE 1-4:

CONDITIONAL PROBABILITY QOF LOCATION OF ACCIDENTS OR

INCIDENTS BY OPERATIONAL PHASE AND SEVERITY OF DAMAGE

(Based on 1968-1976 Data)

ON-AIRPORT

OFF-ATRPORT

Substantial

All

Damage Phases 0.88 0.12
Total Take-off 0575 0.25
Destruction Landing 0.55 0.45
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1.3.3 Carbon Fiber Release and Dispersion

Assuming that an accident of a given type had occurred, a release
scenario was constructed to describe the intensity of the fire and the
resulting amount of carbon fibers released. These release scenarios were
based upon information about the amount of fuel on board and the effect
of fire-fighting activities. Table 1-5 lists some of the assumed relessec
conditions. In addition, the probable weather conditions at the time of
the accident were drawn from climate statistics on temperature, wind, and
atmospheric stability class for the 26 large hub airports. Precipitation
data were included in the weather scenarios, but the dispersion model
described below conservatively assumed that no precipitation would occur.
It was found, however, that accidents with fire are likely to be accompaniecd

by rain.

The release conditions were fed as input into a dispersion analysis.
which computed the CF exposure at any point relative to the locaztfion of
the release. Two alternative dispersion models were utilized, corresponding
to two different release scenarios — a fire with a delayed explosion, anc
a fire plume. The fire-explosion model assumed an instantaneous release
of the CF mass, while the tilted plume model assumed a continuous release
during the period of burn. Both models used a modified Gaussian approach.
with Pasquill dispersion parameters, and incorporated a particle settling
velocity. The assumption was made that all particles released were single
fibers. Some typical outputs of the fire plume model are shown in Table 1-6.
for varying release conditions. Exposure is the time integral of concentra-
tion, and is measured in decades; thus, the 105 exposure contour corresponds
to all geographic locations which experienced an exposure of at least 105
fiber—-seconds per cubic meter. As a result of multiple dispersion calcula-
tions under a variety of release conditions, it was found that the exposures
predicted by the fire-explosion model reached higher levels, but that the
exposure contours from the fire plume model covered much larger areas, often

in excess of 100 km.z.

11



TABLE 1-5

RELEASE SCENARIO ASSUMPTIONS

Percent of Percent of
Carbon Fibers Fuel
Released Burned# Duration*
Accident/Incident Fire and
Description Fire Explosion
On Airport
Total Destruction 10% 25% 33% 4 min.
0ff Airport
Total Destruction 20% 25% 100% 30 min.
On Airport .
Substantial Damage s 10% Gl % 4 min.
Off Airport
Substantial Damage 10% 10% 20% 12 min.
|

*

Source: ALPA, Massport

109
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EXPOSURE
ISEVEL

5
10

FIBER-SEC/M3

103
FIBER-SEC/M3

TABLE 1-6

SAMPLE OUTPUT FROM FIRE PLUME MODEL

Scenario: 500 KG of Carbon Fibers Released Over a 10-Minute Period

CONTOUR
DIMENSIONS (M.}

NEAREST DISTANCE
FARTHEST DISTANCE
MAXIMUM WIDTH
AREA (KM?)

NEAREST DISTANCE
FARTHEST DISTANCE
MAXIMUM WIDTH
AREA (KM?)

NEUTRAL ATMOSPHERE
4M./SEC. WIND VELOCITY

=) i e ) )

6,300
94,300
16,107

1,110

MODERATELY STABLE ATMOSPHERE
2M./SEC. WIND VELOCITY

39,150
57,150
4,247
60

28,150
63,150
8,363
230



1.3.4 Building Penetration

The next step in the sequence of physical events that were studied
is the penetration of fibers into the interiors of structures. Based on
the external exposure computed by the dispersion model, the internal
exposure for different types of facilities was calculated using a multi-
plicative transfer rate. To determine transfer functions, a detailed
analysis of building penetration was performed. This analysis incorporated
such variables as window openings, filter efficiencies, and ventilation
rates into a building penetration model. By applying the model to specific
building characteristics derived from field surveys, appropriate ranges of
values were derived for the transfer functions corresponding to a wide
variety of buildings and structures, including aircraft. Table 1-7
shows some selected types of facilities and the corresponding ranges of
transfer function values that were computed. The results indicated a large
variability in the penetration potential of different buildings, even for
facilities within the same industrial classification. Part of the varia-
bility is due to uncertainty about the physical parameters affecting
penetration, and part is due to the non-uniformity of construction and

maintenance practices.

1.3.5 Equipment Vulnerability

Provided that the carbon fibers can actually penetrate structures
to create sufficiently high interior exposures, they are capable of
damaging many types of equipment. The class of equipment most vulnerable
to carbon fibers appears to be low-voltage electronic microcircuitry but
motor generators and transformers may also be vulnerable. Estimates of
the mean exposures at which various types of equipment would fail were
derived fromthe existing experimental data. The mechanisms of damage
were identified, and the possible effects of different sizes of particles
were described. For risk analysis purposes, the exponential failure model
shown in Figure 1-2 was used to determine the failure probability of a unit

of equipment at different levels of exposure.

Due to the inadequacy of available experimental data, some uncer-

tanty remains about the possibility of equipment failure subsequent to
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TABLE 1-7

ATRBORNE EXPOSURE TRANSFER FUNCTION
OVERVIEW OF RESULTS

AETF Range
AREA DESIGNATION Min. Max.
ATIRCRAFT - Cabins, Doors Open 0.16 0.68
- Cabins, Doors Shut 0 9 X 10_3
- External Compartments 1073 9 X 10_2
ATRPORT - Baggage Areas I X 10—2 0.87
- Control Towers, Windows Shut 0 6 X 10_3
- Passenger Terminals 0 10_3
COMPUTER ROOMS 0 3 Xl
EMERGENCY GENERATORS 0.1 0.7
HEALTH FACILITIES - General Areas, Non- _2
Sealed 1.5 X 10 0.44
- Operating Rooms 0 31 10_4
INDUSTRIAL BUILDINGS - 01ld Building 0.3 07
- Modern, Average _s5
Filters 7 X 10 0.13
OFFICE AREAS - Windows Shut 4 x 107 7 gl
RESIDENCES - Windows Open 1 0.7
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FIGURE 1-2

ELECTRONIC EQUIPMENT FAILURE MODEL
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exposure as a result of reactivation of the equipment. Therefore, it was
assumed that exposed equipment would not fail as a result of reactivation.
For failures immediately after exposure, estimates were made of the mean

exposure that would induce failure in different classes of equipment, and
these were used as the parameter E in the failure model. A selected list
of these estimates is given in Table 1-8; the accompanying classification

of failure impacts is described below.

1.3.6 Economic Loss Estimates

The final component of the damage scenario was the enumeration of
exposed facilities and their potential losses. In view of the large
distances over which the carbon fibers could disperse, the identification
of potentially vulnerable facilities extended over an 80-kilometer radius
from each large hub airport. This area was subdivided into a circular
grid of forty sectors, and the numbers of establishments in each sector
were estimated from census data. The categories of facilities that were
considered are summarized in Table 1-9. Field visits were made to typical
establishments in many of these categories, with emphasis placed upon

those facilities which relied heavily on electronic equipment.

Assuming similarity among facilities within each category, the
impacts of equipment failure upon the facility were classified as being
either critical (business shutdown), disruptive (increased operating
expenses), or minor (equipment costs only). The resulting economic losses
were then estimated, including both equipment repair costs and business
interruption costs. Secondary costs other than the direct consequences
of a failure were not incorporated into the analysis. Given a set of
exposure values resulting from a particular accident scenario, the total
losses were computed on the basis of the expected number of failures in

each facility category by geographic sector.

1.4 RISK ASSESSMENT RESULTS

1.4.1 Frequency of Losses

After the above analyses had been completed, the resulting estimates

of CF use, accident frequency, CF release and dispersion, penetration,

17
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TABLE 1-8

SELECTED VULNERABILITY ESTIMATES

Facility Equipment Failure Mean Exposure

Category ‘ Type Category (Fiber-Sec./M.3)
HOUSEHOLDS TV /STEREO REPAIR 6.4 x 10°
AIRPORT CONTROL -

TOWER ATC CONSOLES REPAIR 7 x 10°
AIRPORT CONTROL

TOWER ATC COMPUTER REPAIR 4.9 x 10°
SHIPYARDS . . CRANES . REPAIR - 4.0 x 105
POST OFFICE ELECTRONIC SORTERS REPAIR 5.0x 10°
AIRPORT TERMINAL CRT DISPLAYS REPAIR ' 1.6 x 107
MANUFACTURERS - TELEPHONE PBX DISRUPTIVE 7.0 x 10°
AIRCRAFT AVIONICS INSTRUMENTS DISRUPTIVE 1.0 x 108
RADIO/TV STATION CONTROL ROOM CRITICAL 3.0 x 10°
RETAIL OUTLETS POINT OF SALE TERMINAL DISRUPTIVE 1.0 x 107
BUSINESS SERVICES GENERAL OFFICE EQUIP. DISRUPTIVE 5.0 x 105
HOSPITALS POWER GENERATOR REPAIR 9.8 x 10°

EDP SERVICES COMPUTER CRITICAL 4.9 x 109
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TABLE 1-9

FACILITY CATEGORIES FOR ECONOMIC ANALYSIS

Households

Police Cars

Shipyards

Automobile Radios

Post Office (major sorting centers)

Subway, Railroad

Manufacturers of Power Transmission Equipment (SIC 3568)
Manufacturers of Electronic Computing Equipment (SIC 3573)
Telephone Company - Central Switching Facplity

Telephone Companies - Branch Office (SIC 481)

Radio, Television, Communication Services (SIC 483, 489)
Gas and Electric Utilities (SIC 491, 492, 493)

General Merchandise Retailers (SIC 531, 56, 57, 59)

Retail Grocers (SIC 541)

Financial and Insurance Institutions (SIC 602, 612, 63)
Business Services (SIC 73, except 737, 7391)

Computer Programming, Software Services, Data Processing (SIC 737)
Electronic R&D Labs, Universities, Colleges (SIC 7391, 822)
Hospitals (SIC 806)

Airplanes at Airports

Airport Control Tower

Airport Terminals

ASR Field Radar at Airport

LOC at Airport

VOR at Airport
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vulnerability, and economic loss were used as input to a Monte Carlo
simulation model. This computerized model performed repeated simulations

of random accidents at each of the 26 large hub airports, thus generating

a set of airport risk profiles. The total losses from any single incident

| ranged from only a few thousand dollars to a maximum observed value of

$9 million. The simulation was run using 1993 CF utilization figures.
Sensitivity analyses were performed to assess the relative importance
of certain key variables, and CF mass released was found to have a strong

effect on total loss.

The 26 airport risk profiles were combined and extrapolated to
include all other airport operations as well as cruise accidents, and
the result was a conditional probability distribution for the losses due
to a single accident or incident occurring anywhere in the U.S. This
distribution was multiplied by the accident frequency estimate of 3.2
per year, to obtain the 1993 "loss frequency curve' shown in Figure 1-3.
The loss frequency curve shows the number of CF incidents per year which
may be expected to result in losses exceeding a certain value. For
example, an incident causing $1 million or more damage will occur with

a frequency of approximately 1/10 per year, or once every ten years.

1.4.2 National Risk Profile

The loss frequency curve shows the potential impact of a single
incident, but does not provide an estimate of total annual losses due
to CF releases from commercial aircraft fires. To accomplish the latter
a convolution procedure was used, and the result was a probability
distribution for the total losses incurred by one or more incidents
during a year. This ''national risk profile'" for 1993 is shown in
Figure 1-4, and shows the probability of annual losses exceeding various
amounts. The mean annual losses in 1993 were predicted to be $419,000,
with a probability of less than 1% of exceeding $9 million. The proba-

bility of exceeding $1 million is approximately one in ten.

Based on the sensitivity analyses mentioned in Section 1.4.1,
confidence bounds were estimated for the national risk profile, and these

are shown by the vertical line segments in Figure 1-4. To obtain a
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FIGURE 1-3

National Annual Loss Frequency, 1993
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national risk profile for 1985, simulation and extrapolation techniques
were applied in a similar manner. In this case, the expected (i.e.,
mean) annual losses were only $51,000, and the probability of exceeding

S1 million was about 17%.

1.5 CONCLUSIONS

To place the above risk profiles in perspective, they were compared
against previously-estimated risks from natural or man-caused catastrophes
(See Figure 1-5). The 1993 carbon fiber risks appear to be several orders
of magnitude lower (in terms of economic losses from a single event with
fixed probability) than the risks from hurricanes, mining disasters, ot
even nuclear power plant accidents. These other events are also a threat
to human life, whereas the risks to humans from carbon fibers are not yet
well-established. Preliminary experiments have shown that there is a
potential for CF creating a shock hazard in appliances such as toasters,

but there are not sufficient data to support a risk assessment.

A qualitative analysis of the various stakeholders was performed to
determine the relative impacts upon them of CF risks. These stakeholders
include private citizens, CF producers, industries utilizing or manufac-
turing electronic equipment, and in particular the aerospace industry.
Several alternative methods for reducing tte risk are conceivable, although
the desirability of a risk control policy would not be apparent without a

careful examination of the costs and benefits to the stakeholders.

There are several areas which warrant further investigation, so that
a more definitive assessment of CF risk may be obtained. These include
a refinement of the CF utilization forecasts, further tests of the actual
physics of CF release and dispersion, further tests of equipment vulner-
ability, and a more thorough analysis of economic impacts - particularly
with respect to future developments at airports and in the rapidly-growing
electronics industry. By providing the simulation model with more
detailed probabilistic descriptions of some of the input parameters,

a more accurate risk profile could be obtained with narrower uncertainty

bounds.
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2. INTRODUCTION

2.1 OVERVIEW OF THE CARBON FIBER PROBLEM

There has been a noticeable trend in recent years towards utiliza-
tion of carbon fiber composite structures as an alternative to metals in both
civilian and military applications. Carbon fiber composites are valued
for their light weight and high strength as well as for the ease of
designing composite structures with specific shapes and properties. The
major areas in which use of these materials is expected to grow include
military and civilian aircraft, space systems, automobiles, sporting
goods, and various industrial applicétions. Since unit production costs
are expected to decrease, carbon fiber composites will become increasingly
attractive as alternative materials, offering the benefits of reduced
weight together with improved performance. However, a problem may exist

due to the high conductivity of the carbon fibers.

Carbon fiber composites are manufactured from a precursor material
which is subjected to great stress and heat treatment, causing a change
in the physical and electrical properties of the fiber. The resulting
fibers are then bound in a matrix of epoxy according to the required
design specifications. The fibers are approximately eight micrometers
in diameter, and a small cross-section of composite structure will

contain millions of these fibers. Because the epoxy matrix is flammable,

if the composite were involved in a fire the epoxv could burn away, and
carbon fibers could conceivably be released and could disperse in the
atmosphere. When these fibers come into contact with electronic equinment,
they might cause damage by settling on electrical junctions. Fibers released
in this manner would probably range from one to ten or more millimeters in
length, would be extremely light, and could travel over large distances

before lodging in a unit of equipment.

The first evidence of the type of damage that could resuit from

release of carbon fibers occurred in Fostoria, Ohio in 1972 [1]. Carbon

fibers 6 to 42 inches long were accidentallv placed in the incinerator of a

fiber production facility, were released from the smoke stack, and sub-
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sequently settled on electrical substations at the plant, causing short circuits

and an interruption in power. The possibility of damage has since been confirmed

by laboratory tests in which electronic equipment was exposed to various
quantitites of carbon fibers. The mechanism of damage can be of three
different types: resistive loading, temporary short circuits, or electri-
cal arcing. These phenomena are generally associated with low voltage
equipment, and microcircuitry may be particuarly vulnerable due to the

small spaces between contacts.

Given the existence of this damage phenomenon, there is reason for
concern that future accidental releases of large quantities of carbon
fibers might cause significant disruption or damage to electronic equip-
ment over a fairly large area. In particular, commercial aircraft, which
may soon carry a considerable mass of carbon fibers, are susceptible to
infrequent accidental fires during their normal operating cycle. These
fires are sometimes accompanied by explosive agitation and high impacts
which may contribute to the release of fibers. As a result, there could
be an effect not only upon electronic guidance and navigation equipment
at the airports, but also upon industrial and residential equipment located

in nearby communities, causing both direct and indirect economic losses.

Single carbon fibers are extremely light, and are comparable to large
dust particles in buoyancy. Thus, a carbon fiber cloud created by fibers
released from a burning aircraft could conceivably rise in a thermal plume
and disperse over long distances, depending upon the weather conditions.

The fibers themselves are sufficiently fine to penetrate cracks in buildings
and possibly pass through filters, so that significant exposures might
result in the interiors of buildings. Having entered the buildings, the

fibers could penetrate equipment cabinets through cracks or vents and cause

damage, unless the equipment is sealed or coated with a protective lacquer.
Being extremely inert, the carbon fibers may remain a problem for some lencth
of time, since they may deposit upon surfaces and be subseaquently reentrained
long after the initial incident.

Aside from the impact on electronic equipment, there is still some

question about the possibility of shock hazard due to the grounding of
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equipment cabinets which are subject to human contact. An additional

area of concern is the possible effect of inhaling carbon fibers from
ambient air. Although early evidence indicates that carbon fibers are

not a health hazard, the health concern is still being studied by the
National Institute of Occupational Safety and Health and the Environmental
Protection Agency. However; the principal issue addressed in this study
was the economic loss resulting from equipment damage. Potential shock

hazards are discussed in Chapter 12.

The National Aeronautics and Space Administration (NASA) has been
assigned the role of coordinating a program of investigation of the
possible impacts of carbon fiber releases due to commercial aircraft
accidents. Their objective is to amass a sufficient amount of data to
permit quantification of the risks from carbon fiber releases, and to
estimate the magnitude of these risks to the nation as a whole. Several
other U.S. government agencies are addressing additional aspects of the
problem, such as potential releases from automobile accidents, from
manufacturing or industrial operations, or from commercial shipments
of composite structures. These agencies include the Department of
Commerce, the Department of State, the Department of Transportation,
the Department of Health, Education and Welfare, as well as NIOSH and
EPA.

A comprehensive investigation of the carbon fiber problem is
necessary, so that the U.S. can weigh the costs and benefits of increased
utilization of carbon fibers. If the potential costs resulting from
damage to equipment are large in comparison to other risks, then it
would be the responsibility of the above agencies to examine alternative
courses of action that might effectively control the risk. However,
any evaluation of risk must be performed in the context of the benefits

which accrue to society from the use of these composites.

2.2 SURVEY OF EXISTING KNOWLEDGE

Recognition of the potential problems posed by the utilization of
carbon fibers has led to a number of experimental investigations concern-
ing the properties of these fibers. Earlier classified studies sponsored

by the Department of Defense quantified the risk from aircraft accidents
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at an individual airport. However, a need still existed for an in-depth
analysis of the carbon fiber problem, incorporating all the knowledge
available from multiple sources. Since the earlier risk assessment work,
a great deal of experimental data has been produced, and a methodology
was required by NASA for integrating these data into a comprehensive
national risk assessment. Some of the pertinent areas of knowledge are

listed next.

The phenomenon of release of carbon fibers from a burning composite
structure has been investigated at the Dahlgren Labs, Naval Surface Weapons
Center, Dahlgren, Virginia, through an ongoing series of tests using enclosed
chambers. A variety of composite structures have been burned under various
conditions including impacts and explosions during the burn. Depending
upon the release conditions, from 5 to 25 percent of the fibers were found
to be released as single fibers in an array of sizes. Other forms of
fibrous materials, varying from lint to large clumps, in which the fibers
had notiyet separated completely, were also released. The fiber size
spectrum ranged from single fibers, with lengths of approximately 1 to 10
millimeters, to lint - that is, groups of fibers adhering together - to
large clumps in which the fibers had not yet separated completely. In
a hypothetical accident scenario, the release of a carbon fiber mass would
result in different dispersion behavior, depending upon the size of the
particles released. For the purposes of this study we concentrated upon
the release of single fibers, since these have the potential to travel

farthest and are more likely to penetrate interior structures.

Tests have also been performed to determine fiber release informa-
tion as well as to examine the phenomenon of fiber dispersion. An
ongoing series of tests at China Lake in Nevada has attempted to
measure the amounts of carbon fibers collected at various distances
from the site of a large-scale fire involving an aircraft structure
made of carbon fiber composites. Dispersion testing has also been
conducted at Dugway in Utah. It appears that Gaussian plume models
of fiber dispersion provide a good prediction of the actual dispersion
of these fibers in the atmosphere. A particularly important variable
in these models is the assumed settling velocity of the fibers. Depending
upon the diameters of the single fibers, settling velocity can vary
between 1 and 5 centimeters per second. The effect on the fiber cloud
of a higher settling velocity is that the total mass of fibers settles
to the ground more quickly, resulting in higher exposures closer to
the release point.
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Another ongoing series of tests to establish the penetration prop-
erties of fibers is being conducted by the Army Ballistics Research
Laboratory, Aberdeen, Maryland, and Rome Air Development Center, Griffiss
Air Force Base, New York. They have tested various types of commonly
used filters to see what fraction of the fibers is permitted to pass
through. Although these tests are intended to provide a basis for
estimation of building penetration, the variability of conditions in the
real world results in a wide range of possible filter efficiencies.

Chapter 7 of this report will discuss this variability at greater length.

In the area of vulnerability of equipment to carbon fibers, a number
of experiments are being performed by Bionetics, Ballistics Research
Laboratory, and Rome Air Development Center. By subjecting units of
equipment to successively higher levels of exposure, using fibers of
various lengths, they have been able to induce failures in certain types
of equipment. The exposure levels at which different units failed have
been compiled, and these data were used as a basis for the vulnerability

estimates described in Chapter 8.

Despite the knowledge gained from the above experimentation, there
are still a number of unresolved areas having to do with the potential
carbon fiber release from an actual aircraft fire. The air-frame
manufacturers have been conducting an ongoing investigation for NASA
in order to better predict what portions of an aircraft might be involved
in an accidental fire, and the amounts of carbon fiber composites expected
to be present in different portions of the aircraft in future years.
Other ongoing tests are aimed at confirming the possibility of carbon
fibers released from an actual burning composite structure being able
to damage equipment at a remote location. Experiments are being
conducted both in a shock tube at the Dahlgren Labs and in outdoor tests.
These tests are expected to establish that fibers dispersed downwind

from a burn can in fact cause equipment failure.

The types of investigation cited above are aimed at resolving

the uncertainty surrounding the release, dispersion, and damaging impact

of carbon fibers. Although the uncertainty can never be completely resolved,

it may be possible to increase our knowledge to the point where the level
of uncertainty is acceptable, and where the conclusions of a risk analysis

based upon these experimental results can be defended with confidence.
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2.3 OBJECTIVES AND STUDY OUTLINE

The overall objective of the present study was to estimate the
risk to the U.S. as a whole, over the period from the present day until
1993, from accidental releases of carbon fibers in commercial air car-
rier accidents. This objective may be broken down into a number of sub-

sidiary objectives.

® Project the growth of the market for carbon fiber composites
in the U.S., and the utilization in commercial aircraft.

e Take into consideration the largest airports in the U.S.,
in terms of total operations; as potential sites of air
carrier accidents or incidents.

e Analyze the possibilities of an accidental release of carbon
fibers in a scenario involving either fire or fire followed
by a delayed explosion.

e Estimate the resulting exposures in the area surrounding the
accident location due to dispersion of fibers in the atmosphere.

e Identify equipment and facilities which are potentially vulner-
able to damage from carbon fibers that penetrate to electrical
junctions.

e Assess the potential economic losses, either equipment repair
and replacement costs or business interruptions, resulting from

the failure of electronic equipment.

In order to achieve the above objectives several steps were neces-—
sary. These included the gathering of data to support our analysis, the
development of a methodology to analyze these data and to describe the
physical mechanisms involved, and the development of a model to simulate
the actual release incidents in order to permit an evaluation of national

risk. The performance of these three steps is discussed below:

e Data Gathering - Through literature reviews and field surveys, .
data were gathered concerning the utilization of composites in
commercial aircraft, the incidence of aircraft accidents in

relation to total air carrier traffic, the known experimental
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results concerning release, penetration and vulnerability
as described in the previous section, the total population
of facilities potentially exposed to carbon fiber releases,

and the economic losses resulting from equipment failures.

e Methodology Development — In order to describe the physical
mechanisms involved in the sequence of events leading from
release of carbon fibers to economic impacts on society, we
drew upon statistical techniques, engineering and physical
models, and microeconomic models. The combination of these
models into a comprehensive methodology for risk measurement
is described in Section 2.5 below.

e Simulation Model - Once the underlying mechanisms of an indi-
vidual accidental release and dispersion scenario were under-
stood, it was necessary to develop a simulation technique which
would permit repeated iterations of hypothetical accidents in
order to develop an estimate of national risk. This was accom-
plished using Monte Carlo simulation methods as described in

Chapter 11.

To satisfy the study objectives, the methods developed above were
applied to available data in order to compute a mean and range for the
national risk in the years 1985 and 1993. 1In order to effectively des-
cribe the range of national risk, we made use of risk profiles which
relate various levels of economic losses to the probability of sustaining
these losses. Risk profiles are discussed in Section 2.4, To
increase the usefulness of these results, sensitivity analyses were per-
formed to investigate the effect of changing certain variables upon the
overall risk. By assuming different levels of carbon fiber utilization,
building penetration, or other factors, we were able to examine the re-
sulting change in the risk profile, and thus to determine which factors
were most critical. Based upon the results of the risk evaluation, a
stakeholder analysis was performed to identify the various parties af-
fected by the risk and the implications for each. Finally, a comparison

was done between the risks presented by carbon fiber releases from air
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carrier accidents and other risks, whether voluntary or involuntary,

to which we are exposed on a national level.

2.4 REVIEW OF RISK ANALYSIS PRINCIPLES

The concept of risk can be defined as follows[3] risk is the poten-
tial for realization of unwanted negative consequences of an event or
activity. In the case of this study, the unwanted negative consequences
are the potential economic losses due to electronic equipment failure.

The event or activity in question is the operation of commercial aircraft

utilizing carbon fiber composites.

In the past decade, an increasing amount of attention has been paid
to problem areas involving activities with uncertain outcomes which
might engender large risks. In order to deal with these problems the
field of risk management has been created and developed. Risk management
is a methodical scientific approach towards dealing with such risks. The
quantitative aspects of risk management are often referred to as risk analy-
sis. Examples of the application of this approach are in the areas of
nuclear reactor safety and transportation of hazardous chemicals, such

as liquefied natural gases.

The practice of risk management involves three basic steps: risk
identification, risk measurement, and risk control. Potential risks’
can be identified through experience, judgment, or experimentation.
In the case of the carbon fiber problem the nature of the risk is

fairly well understood. The major challenge lies in risk

measurement, that is, in determining the frequency of occurrence of
events. Thus, the purpose of risk analysis is to create an analytic
framework permitting assessment or measurement of risk. Finally, if the
measured risk is considered sufficiently great, control measures may be
deemed necessary. Control measures would consist of any modifications

to the mechanism of risk resulting in a reduction in the measured risk.

There are various possible representations which can be used to
quantify risk. One possible representation is the expected value of

losses over a given period of time. However, in order to deal with risks

32



which may fluctuate over a wide range of losses and a correspondingly
wide range of frequencies of occurrence, a preferred method of repre-
sentation is the risk profile. A hypothetical example of a risk profile
is shown in Figure 2-1. The activity in question is labeled Activity 1
and the risk profile for Activity 1 shows that economic impact can vary
from $100,000 to $10 million with probabilities ranging from one in a
thousand to one in ten thousand. This risk profile may be compared
against other profiles for different types of events, such as the damage
from tornadoes. 1In the diagram two comparator risk profiles are shown.
If risk control options are exercised, it may be possible to reduce the
risk from Activity 1 as shown by the dotted curve at the bottom. The
vertical lines are confidence bounds which show the uncertainty in the
estimates of risk. Even though the actual risk may fall anywhere be-
tween these confidence bounds, the risk profile can still be used as an
effective decision-making tool since it both quantifies in an absolute
sense the risks imposed by Activity 1 and permits a comparison of these

risksrelative to other known risks.

2.5 APPROACH AND METHODOLOGY

The overall approach that was adopted for estimating the national
risk from carbon fibers was to create risk profiles for specific airports
within the U.S., and to combine these risk profiles along with the po-

} tential risk from cruise accidents into an overall national risk profile.

The risk analysis methodology developed for determination of risk
| profiles at specific airports is summarized in Figure 2-2. The first
\ step was to compute the probabilities of various accident scenarios taking
X into account the specific airport characteristics (such as weather condi-
\ tions) and the aviation statistics on accidents and total operations.
An accident scenario consists of specific details such as the type of
aircraft, the location of the accident, and the level of damage sustained.
4 After an accidené scenario had been specified, the carbon fiber release
| conditions corresponding to the scenario were determined. The release
conditions were dependent upon the severity of the fire and its duration,

' the weight of composites present in the aircraft, and whether an explosion
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