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CARBON FIBER PLUME SAMPLING
FOR LARGE-SCALEFIRE TESTS AT

DUGWAY PROVINGGROUND

Albert R. Cbovit,Paul Lieberman,Donald E. Freeman,
WilliamC. Beggs and WilliamA. Millavec

TRW Defenseand Space SystemsGroup

SUMMARY

As a participantin the NASA-sponsoredlarge-scalefire tests at Dugway Proving
Ground,TRW developedand fieldedtwo types of carbon•fibersampling instruments.
These were first, passivecollectorsmade of sticky bridal veil mesh, and second,
active instrumentsusing a light-emittingdiode (LED) source. Both of these
fiber collectingor sensinginstrumentsmeasured the number or number-rateof
carbon fibers releasedfrom carbon/qraphitecompositematerialwhen the material
was burned in a I0.7 m (35-ft)dia JP-4 pool fire for approximately20 minutes.

Both types of instrumentswere placed in an array suspendedfrom a 305 m (lO00 ft)
by 305 m (lO00ft)"Jacob's Ladder"net held verticallyaloft by balloonsand
orientedcross-windapproximately140 metres downwind of the pool fire. The
"Jacob'sLadder"was also developed,fabricated,installed,and operated by TRW
as part of this program.

The LED fiber detectorswere first checkedout and calibratedat NSWC in a series
of tests in the "shocktube" facility. Three large-scaletests were conducted
at Dugway ProvingGround during Octoberand November 1979 during which released
carbon fiber data was acquired. •Thesedata were subsequentlyreducedand
analyzedto obtain the characteristicsof the releasedfibers includingtheir
spatialand size distributionsand estimatesof the number and total mass of
fibersreleased.

The resultsof the data analysesshowed that 2.5 to 3.5 x lO8 single carbon
fiberswere releasedduring the 20-minuteburn of 30 to 50 kg mass of initial,
unburnedcarbonfiber material. The mass releasedas single carbon fiberswas
estimatedto be betweenO.l and 0.2% of the initial,unburnedfiber mass. The
averagelengthof the releasedfiberswas approximately3.2 mm. Excellentcor-
relationof the resultswas obtainedamong al three tests.
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1. INTRODUCTION

The potential advantages of carbon/graphite fiber-reinforced composite material
for aircraft parts has led to an increasing use of this material for commer-
cial aircraft. However, it has been recognized that the accidental crash of an
aircraft containing carbon/graphite composite materials followed by a fire re-
sults in the release of carbon fibers in the smoke plume. These carbon fibers

"i are electrically conductive, transport downward and downwind with the plume,
can penetrate facilities and equipment, and can degrade circuit performance if
they come to rest on critical portions of a circuit. Whenthe fiber bridges two
points in a circuit that has a voltage difference between the two points, logic
upset and/or circuit burnout becomes possible. This potentially hazardous pheno-
nlenon has spurred an ongoing investigative program into the problem of such air-
craft crashes and subsequent fires.

Consequently, during the months of October and November 1979, NASAconducted a
series of field tests at Dugway Proving Ground (ref. I) to simulate, with a con-
trolled JP fuel fire, the accidental burning of aircraft parts that are con-
structed of fiber-reinforced carbon/graphite composites. The main test objec-
tive was to systematically collect or sense the released fibers in the immediate
vicinity of the fire and downwind. The data yielded by the tests were to be
reduced and analyzed for information on the fraction of carbon fiber released,
the physical characteristics of the fibers, the transport phenomenology, and the
downwind fiber-dispersion characteristics.

As a participant in the program, TRWwas asked to develop, field, and operate
two types of fiber-collecting or -sensing instruments. The first type was a
passive collector made by fastening bridal veil netting on a standard vugraph
frame. Before a test, a sticky adhesive was sprayed on the bridal veil. For
each test, a large number of these vugraphs was attached approximately every
15 m (50-ft) on a "Jacob's Ladder" net held vertically aloft by balloons, and
oriented cross-wind approximately 140 metres downwind of the pool fire, As

the released fibers were transported downwind to the net by ambient wind cur-
rents, the airborne fibers were intercepted and collected on the vugraphs,
thus producing a permanent record of the total fiber exposure at each vugraph
location.

The second type of instrumentation was a detector with a light-emitting diode
source. This active sensor instrument measures a number-rate of particles
passing through a light beam and causing a shadow on a detector. This number-
rate can be converted to fiber concentration by introducing the wind velocity
and LED beamdimensions. Four of these LED instruments were used on three
tests of the series. Two of the instruments were newly developed, flight
weight, airborne instruments that were attached to and lofted by the Jacob's
Ladder; and two were ground-based instruments developed proviously for similar
Air Force field tests and located at ground level under the Jacob's Ladder.

The extent of the TRWassistance in these field test experiments included the
design, development, fabrication, field installation, and operation of the
Jacob's Ladder; the provision and fielding of the passive vugraph fiber



collectors; the design, development, and fabrication of the airborne LED instru-
ments; the fielding and operation of the four active LED instruments; and the
reduction, analysis, and evaluation of the data obtained from both the passive
collectors and the active instrumentation for each of the three tests in which
this instrumentation was used.

This report, which describes the TRWtest activity, has been organized so that
the reader can focus directly on any of three primary areas of information: (I)
the design, development, and operation of the test equipment, (2) the opera-
tional conditions and layout of the test equipment in the field environments,
and (3) the results of the data analyses and evaluations. Thus, in reverse
order, Section 5 presents a comprehensive discussion and graphic representa-
tion of the results obtained from the reduction, analysis, and evaluation of
the collected data including descriptions of the data reduction techniques that
may influence the interpretation or use of the results. Section 4 lists the
ambient and controlled test conditions and the physical layouts of the instru-
mentation and equipment for each of the tests, as well as other test observa-
tions and operational conditions that are pertinent to the reduction and
analysis of the acquired data. Section 3 documents the details of the design,
development, and operation of the Jacob's Ladder and airborne LED instruments,
and supplies background in{ormation for the vugraph collectors and ground-
based LED instruments.

Section 2 lists the symbols and abbreviations used in this report.

Section 6 restates concisely the major findings of the investigations. These
are concerned principally with the results obtained from the data analyses and
evaluations° Appendixes B and C contain the fabrication and operational proce-
dures and plans that were developed for the Jacob's Ladder, Appendix A sum-
marizes the results of the static load analysis performed for wind velocities
from 0 to I0 m/s (0 to 22.5 miles/hour).

The use of specific commercial products, brand name items, etc,, on this program
or mention of these items in this document does not imply an endorsement of
these products by NASA.



2. SYMBOLS AND UNITS
SYMBOLS

N Fiber mass released from burned composite material

N Number of fibers released from burned composite material

L Average length of released single fibers

d Averaqe fiber diameter of unburned carbon fiber material equal to
6 88 × 10-3 mm(6.88 _m)

° p Carbon fiber mass density equal to 1.73 x 10-3 gm/mm3

SWL Safe working load; maximumpermissible design load

DEFINITIONS

Deposition TQtal number of fibers or clumps deposited on (or trans-
(fluence) ported through) a specified area for a given duration;

generally expressed as fibers per square meter

Concentration Total number of fibers in given volume; generally ex-
pressed as fibers per cubic meter

[xposure Deposition divided by deposition (or transport) velocity;
or concentration multiplied by time; generally expressed
as fiber sec per cubic meter

Factor of Ultimate breaking strength divided by safe working load
Safety (or design load)

Jacob's Ladder Vertical cable or rope net supporting arrays of instru-
mentation

CONVERSIONS

1 ft 0.305 m

] in 2.54 mm

]]b 453.59 gm



ABBREVIATIONS

AFGL Air Force Geophysics Laboratory, HanscomAFB, MA

cm centimetre i

• DPG DugwayProving Ground, UT _-

E east

fps feet per second

ft feet

g gram

in inch

kg kilogram

km' kilometre
z

Ib pound

LCD liquid crystal diode

LED light emitting diode

m metre

MDT Mountain Dayligfit Time

mm millimetre

mps metres per second

MST Mountain Standard Time

NSWC Naval Surface Weaponcenter, Dahlgren, VA

NWC Naval WeaponCenter, China Lake, CA

s seconds

T/M telemeter-ing
W west

um micrometre

6

.11



3. JACOB'S LADDER AND IN STRUMENTATION

This section describes _he details of the design, development, and operation of
the Jacob's Ladder and the two airborne LED instruments. Also described are
the characteristics and use of the vugraph and bridal veil fiber collectors,
and background information on the two ground-based LED instruments that were
fielded in the three tests.

JACOB'S LADDER

DESCRIPTION

One of the objectives of the Dugway test series was to determine the characteris-
tics of the carbon fibers released into the plume of the JP fuel fire when
carbon/graphite composite material was burned in the fire. In previous field
tests of this kind, instrumentation was used that sampled or collected such fire-
released carbon fibers at ground level, several feet above ground level, and
in one seriesof tests - to an altitudeof approximately30 metres. However,
none of the collectiontechniquesused provideddata which sampledthe carbon
fibers in the total extentof the fire plume. Since the plumes from such fires
rapidlyreach altitudesmeasured in hundredsof metres,a means was required
for a structurethat could supportinstrumentationat these high altitudesin
the path of the fire plume.

To meet this objectivea large, balloon-lofted,rope net was constructedand
deployedcrosswindmore than a hundredmetresdownwindfrom the test fires.
This net, referredto as the "Jacob'sLadder"*,was used to loft and support both
passivecarbon fiber collectioninstrumentsas well as several types of active,
electronic,carbonfiber sensors.

Jacob's Ladder
A ship's ladder of rope or chain wit.h wooden or iron
rungs, used for climbing from the dr,ok to the riggin_ or
a European (and related American) l-wrennial herb of
the phlox family which bears I)ri_4htHue m' white
flowers and has a stalk whos,: t\viu L._'tvesbranch hori-
zontally _t r(:,gtdar int('P,,als :dong the stem like the
rungs of a l'.vld_._r.In the bibli_'al sh)ry, J:t_:ob,son of
lsaa(:, dr(:a._t of :t lad(lt.r s{r(!_("hirtg from e:uth t(_

" h_:aven and filled ,,vitla ;ulgels (.'omin_,,,;_t_l gohl_. At the
toptheLordIlinlselfsatingreat_}_rv'blessingj._r_}_
and hisdes(:cll(Jants,who were. hb [,_.illnumbers "]_k_r

th_dustofthe.earth"(Gt,nesis25). (ref. 2_)



So that the instrumentation supported on the Jacob's Ladder would intercept the
full extent of the plume, the net was designed to extend to a height of 305m
(lO00 ft) and a crosswind width of 305 m (I000 ft). It was supported by two
helium-filled balloons supplied and operated by Air Force personnel from the
Air Force Geophysics Laboratory (AFGL), Hanscom AFB, Massachusetts, and the
Holloman AFB, New Mexico. The net, the net tethers and the mooring lines were
fabricated from Kevlar cable. In the design, the bottom of the net was anchored
to deadmen located approximately 152 m (500 ft) downwind from the center of the
test fire. But this dimension was revised during field installation to approxi-
mately I17 m (385 ft) to improve certain net operational conditions. A draw- _.
ing of the Jacob's Ladder in the erected position is given in Figure 3.1. A
measure of its size can be seen by comparison with the scaled rendering of the
Empire State Building.

The 305 m by 305 m (flight dimensions) net was constructed of 21 vertical and
21 horizontal Kevlar cables of 3,3 mm (O.13-in) dia. The vertical net cables
were spaced approximately 15.2 m (50-ft) apart and the horizontal cables approxi-
mately 16.8 m (55-ft) apart. When in an erected, flight condition, this spac-
ing afforded a projected crosswind grid spacing of approximately 15.2 m by 15.2
m (50-ft by 50-ft). The vertical and horizontal cables were fastened together
securely at each intersection point. The bottom of each vertical net cable was
secured to a deadman while the top of each vertical was fastened to a main cete-
nary support cable fabricated from 9.5 mm (3/8-in) dia Kevlar cable. This main
catenary cable supported the weight of the net and the instrumentation suspended
fran the net, and it reacted the wind loads on the net,

Each end of the main catenary extends and attaches to a juncture plate. Also
attached to each juncture plate is a balloon tether, through which the lift
from the balloon is transmitted; a s,ide catenary tether, which is fixed in length
and attached to a deadman at its other end; a forward tether which reacts the
wind loads, and is attached to a winch; an aft tether also attached to a winch,
which is used to raise and lower the net; and a fixed-length, vertical, mooring
line that reacts the excess balloon lift through a deadman. The side catenary
dnd forward tethers were fabricated from 6.4 mm (I/4-in) dia Kevlar cable and
the aft and balloon tethers and mooring lines were fabricated from 9.5 mm (3/8-
in) dia Kevlar cable. Fastened on either side of the net were two, light 3.3 mm
(O.13-in) dia side stabilization tethers to stabilize the net if oscillatory
modes were induced in the net by winds. For the most part, these side stabiliza-
tion tethers proved superfluous and were generally maintained in a completely
slack condition. Figure 3.2 presents elevation views of the erected Jacob's
l.adder system, and Figures 3.3 and 3.4 give details of the test site layout and
deadman locations,

The ladder is lowered from an erected position by slackening the forward tethers
and winching in the aft tethers. During this operation, the plane formed by the
net, the mooring lines, and the side tethers rotates downward toward the aft
winches around a ground line passing through the side catenary tether deadmen
and the mooring line deadmen. This operation - slackening the forward tethers
and winching in the aft tethers - is continued until the net is stretched back
and is resting on a rope table and the mooring lines, and side and forward
tethers are resting on the ground. The net rope table is an array of 6.4 mm
(I/4-in) dia tensioned, Dacron ropes strung atop a field of 2.1 m (7-ft) high
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Figure 3.1 Jacob's Ladder in Erected Position
Initia! Design r_guration



balloon 501 m

forward attachment ............ 47 9 m
tether ,mines

ofttether 4 33 m

' 7 395 m
I

87 m catenar side

catenarytether
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Figure 3.2 Jacob's Ladder System - Elevation Views
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fence posts. In the lowered net position, the rope table supports and maintains
the net vertical and horizontal cables and the attached instrumentation off the
ground. Figure 3.5 shows the ladder in a nearly complete and completely lowered
position with the net supported on the rope table.

As designed, the rope table consisted of an orthogonal array of tensioned Dacron
ropes spaced approximately 41 m (135 ft) apart and supported atop 2._-m (7-ft)

_ fence posts at each intersection point. However, during the field installation,
additional Dacron rope was strung diagonally, at 45-degrees, atop all fence
posts to obtain additional net support.

The two balloons used to suspend the Jacob's Ladder system were aerodynamically
shaped, 12.2 m (40 ft) in diameter and 30o5m (I00 ft) long. These balloons
flew at an altitude of approximately 495 m (1625 ft) when the system was erected.
Each balloon provided a net lift of approximately 670 kg (1475 Ib) under zero
wind conditions, The approximate weight of the net, all tethers and moOring
lines, all attach fittings, and suspended instrumentation was 365 kg (1200 Ib).

The primary instrumentation suspended from the net were 441 vugraph fiber col-
lectors (described later in this section) which were attached at each inter-
section of the vertical and horizontal net cables. ._ The net also supported two
airborne LED instruments (described later), ten NIOSHmillipore filter sampling
systems, eight charged grid fiber sensors and associated power and signal wiring,
a number of lightweight Dugway Proving Ground mesh samplers and approximately 30
directional cardboard Peterson samplers. .....

The system was first checked out successfully by lofting it with the 3Q5_m
by 305-m net detached from the main catenary. Later, five full-up ladder
system flights were made, three flights for the three completed tests and two
flights for two test trials that were eventually postponed because of unfavor-
able meteorological conditions. The Jacob's Ladder system operated successfully
in all respects on each of these five flights, flying in a fully erected con-
dition approximately six to seven hours in each of the flights.

Figure 3.6 is a photograph taken from ground level, upwind of the erected Jacob's
Ladder. Approximately one-half of the net is shown including the balloon on
the eastern side of the net. Below the balloon (to the left of theballoon in
the photograph) is the juncture plate at which point all tethers, the mooring
line, and the main catenary come together. These cables can be faintly seen in
the photograph. The vugraph collectors can be clearly seen attached to each net
cable intersection point. Also seen in the lower left area of the photograph is
an airborne LED instrument suspended from one of the net horizontal cables.

Figure 3.7 is a photograph taken from a helicopter at the start of the third
test. Due to the exceptional size of the ladder system and the relatively small
diameter cables involved, it was difficult to obtain photo coverage that clearly
showed the entire system. The only portions of the ladder system resolved in
this photograph were the balloons and the deadmen locations for the ground at-
tach points. Using these reference points, an artist's rendering of the Jacob's
Ladder was overlayed on the photograph. By referring back to Figures 3.1 through
3.4, a further indication of the distances involved can be obtained.
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Figure 3.6 Photographof Jacob'sLadder System


































































































































































































































































































































