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DATA REDUCTION AND ANALYSIS OF
GRAPHITE FIBER RELEASE EXPERIMENTS

Paul Lieberman, Albert R. Chovit, Benjamin Sussholz
and Howard F. Korman

TRW Defense and Space Systems Group
SUMMARY

A series of burn and explode tests and burn-only tests have been performed for
plate, barrel, spoiler and cockpit samples containing various amounts of carbon
fiber composite material. Measurements of the fiber concentrations and deposi-
tion characteristics were made by means of active and passive instrumentation
supplemented by photographic and meteorological data.

Results of burning the plate and barrel samples over hot propane burner for 20
minutes and subsequently exploding the post-burn residue indicated that the
ma&eria] was projected to heights of almost 10Q feet, and that concentrations of
107 fibers per cubic meter and ex osures of 107 fiber-seconds per cubic meter
had developed within a range of 300 feet of the explosion for fibers in 3 to

20 mm length intervals. The length interval is of importance to the electric
hazards potential.

Higher concentrations and exposures were measured when the fiber lengths in the
range of 1 to 3 mm were included. However, these lengths are of lesser electri-
cal hazards potential. The Thornel 300 carbon fibers from the plate tests formed
single fibers and clumps. The largest number of fibers generated were in the

1 - 2 mm length interval and about 1-ply in diameter, with the next largest
numbers also in the range of 1 - 2 mm length about 1 fiber (5-10u) diameter.

In the 1 - 20 mm length interval measurement, the average fiber length was be-
tween 2 and 3 mm. The fraction of mass of the initial plate that was emitted

as single fibers with lengths between 1 and 20 mm was between 0.005 to 0.015%
mass based upon integration of the mass deposited in the ground footprint. The
barrel samples composed of Hercules AS carbon fiber also resultecd in the greatest
number of single fibers being measured in the range of 1 - 2 mm lengts, and

also in the emission of clusters of fibers that formed feather-1ke structures
which were easily carried by the wind to 3000 ft ranges and beyoc..d.

The intermediate size 20-ft by 20-ft JP-5 fire was used to burn the barrel sample
in one test where only movies were taken. The fire burned for 3 minutes and
then 6 minutes. The same size fire was used again to burn and then explode the
barrel. This fire burned for 5 minutes but the explosion took place during the
early portion of the burn. Limited data was taken and the burn and burn/explode
test techniques were formulated in these two tests. These high fire and smoke
plumes resulted in barrel feathers being lofted and blown downrange to dis-
tances of 1000 ft. One strip was 10" by 1" at the 1000 ft range. Results of
burning the aircraft spoiler over a 40 ft by 60 ft JP-5 jet fuel pool fire for

4 minutes without any explosion during one test; a 7-minute burn and explode in
the next test; and a 6-minute burn-only on an aircraft cockpit structure in the
next test indicated that the plume rose 4000 ft in altitude and that carbon
fiber strips were being generat~1 that were floated 6000 ft downrange. The
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single fiber environment as measured by bridal veil sensors showed several orders
of magnitude lower exposures in the 300 ft from ground zero from the 40 ft by

60 ft fire as compared to the propane burner tests. The rapid and sudden heat-
ing of the few ply aircraft structures quickly delaminated the composites and
sent the individual lamina strips up into the plume for deposition 1000 - 3000

ft downrange.

The carbon fibers imbedded in the 40 ply structure of the plate did not experience
the oxidation that the thin ply structures of the barrel, spoilers and cockpit
did. The latter three structures had their fibers experience a 30 percent de-
crease in diameter on the average. Subsequent TRW laboratory tes.s indicated

two important trends. First, carbon fibers react with sufficient rapidity at
2000F temperatures that even a few minutes exposure will cause measurable mass
loss. Second, the presence of the resin acts as a catalyst, so that even lower
temperatures achieve the same mass loss in a few minutes.

In the case of burn-only for the aircraft spoiler and cockpit samples within a
jet fuel pool fire resulted in a plume of about 4000 ft height, and essentially
benign local environments with regard to single fibers but the deposition of
large scale carbon fiber composite strips of about 1 ply thickness over a range
of 1000 to 3000 ft.

Previous tests of this nature relied solely on passive instrumentation for fiber
deposition distributions. - A number of unique innovations in measurement techni-
ques were introduced in the present program such as namely; light emitting diode
instruments, microwave gages, ladar, infrared imaging camera, LC deposition hi-
tory gage and flame velocimeter. The total spectrum of instrumentation inc .
ing passive as well as existing and newly developed active elements permitt:

the measurement of concentration histories and fiber distributions, and yiclued
considerable data regarding the fiber cloud dynamics during the course of pro-
pagation over the instrumentation network.

It was possible to differentiate between the family of smaller fiber clouds that
comprised the overall fiber cloud and to separate the detonation product gases
from the rapidly falling fiber cloud. In addition, the infrared camera permit-
ted trackinag the flying debris inside the smoke plume.

Correlations were established by means of empirical equations relating the
meteorological data and plume measurements.

Use of commercial products or names of manufacturers in this report QOes not
constitute official endorsement of such products or manufacturers3 e1thgr
expressed or implied, by the National Aeronautics and Spa e Administration.
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1. INTRODUCTION

The introduction of carbon/graphite composite material structures for aircraft
structures is increasing for both military aircraft and for commercial aircraft.
The use of this composite material results in considerable weight savings and
thus in increased aircraft performance and/or eventual decreased operating costs.
Unfortunately, with these advantages there also arises a disadvantage not ever
experienced with metal structures. Namely, when a composite structure burns and
the resulting char is jostled, a cloud of airborne conductive fibers is released
which will cause damage to electrical facilities downwind of the fire. The mili-
tary has been investigating the carb. . fiber problem for over the past six years.

NASA has been involved in investigations concerning commercial aircraft for over
the past year.

Under an Air Force contract, TRW has studied the burn and burn/explode effects
on aircraft structures in a series of fifteen outdoor tests. The tests were
conducted by TRW at the TRW Capistrano Test Site, San Clemente, California and
at the Naval Weapon Center, Chira Like, California during the period November
1977 through May 1978. The purpose of the tests was 1) to v.rify the results
obtained in previous burn and explode tests of carbon/graphite composite samples
conducted in a closed chamber at the Naval Surface Weapon Center, Dahlgren,

Virginia and 2) to simulate aircraft ac..dent scenarios in which carbon/:raphite
fibers would be released. '

The primary effects that were to be investigated in these tests were the amount
and size distribution of the conductive fibers released from the composite struc-
tures, and how these various sizes of fibers were transported downwind. The
structures included plates, barrels, aircraft -poilers and a cockpit. The heat
sources included a propane jas burner and 20-+* by 20-ft and 40-ft by 60-ft JP-5
pool fires. (The 40-ft by 60-ft size JP-5 pool fire was selected to simulate an
aircraft accident inciden. which occurred in January 1978 at an Air Force instal-
lation.) The passive instrumentation included sticky paper and sticky bridal
veil over an area 6000 ft downwind and 3000 ft crosswind. The active instrumen-
tation included instrumented meteorological towers, movies, infrared imaging
came. -, LADAR, high vo’tage ball gages, light emitting diode gages, microwave
gages and flame velocimeter,

This instrumentation provided data that when reduced and analyzed would yield
1) fiber deposition, concentration and exposure information over the regions of
the test site which were instrumented, 2) the characteristics of the fire and
explosion plumes and 3) the ambient atmospheric conditions existing during the
tests.

The data acquired in these tests was reduced and anal;zed by TRW under the sub-

ject NASA sponsored program. ‘ihe results obtained in this program are reported
in this document.

The data reduction and analysis was performed during the period July 1978 through

February 1979 and included the vse of 1) laboratory techniques to analyze the
characteristics of the composite samples and released material; 2) systematic
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data reduction techniques of the raw field data obtained by the passive and
active instruments and 3) analytic evaluations of the data reduction results to
provide qualitative and quantitative descriptions of the accidental release
threat parameters.

This data reduction and analysis was conducted for thirteen of the fifteen tests;
the last two tests at NWC were nct included as part of this contracted effort.

This report has been organized into the following sections:

Section No. Description

1 Introduction

List of Symbols

Description of Test Program
Passive Instrumentation:
Data Reduction and Analysis
Active Instrumentation:
Data Reduction and Analysis
Photegraphic and Meteorological Instrumentation:
Data Reduction and Analysis
Results and Analyses
Conclusions

oo~ (=] [%,] W

The introduction presents the background and overview of the program. The list
of symbols permits a ready atcess to acronyms and symbols. The description of
the test program gives a complete background of the overall program to permit
the reader to interpret and use the data, an overview of the test program at the
two test sites, a description of the two test sites, the test matrix of the test
samples and test conditions, and a description of the instrumentation. The pas-
sive instrumentation section describes the data reduction methodology and equip-
ment; site layout; photographs of typical raw data to show types of fiber
clusters emittec, number and mass single fibers per length interval measured at
a station; particles. per unit area as a function of down range distance and of
cross-range distance and of vertical height; the relative occurrence of single,
double, triple fibers per particle; mass fraction of single fibers emitted; de-
position footprint; width and length of strips in the deposition footprint; and
oxidation rate of the carbon fibers. The active instrumentation describes the
arrival time and duration of the concentration and mass flux of the fiber cloud
at specific stations, the lengths of the fibers in the cloud, and flame para-
meters. The photographic and meteorological data describes the fire plume, smoke
plume, fiber cloud, and speed, wind direction, and temperature gradients mea-
sured according to test. The results and analyses section summarizes the overall
test program. The conclusion section indicates the significant trends in the
results.
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2. LIST OF SYMBOLS

cross sectional ;Eea of sampling volume normal to
wind direction,

number concentration history, fibers/m3
mass concentration history, gm/m3

width of sampling volume

average fiber length, mm
length of sampling volume

mass of single fibers, gm
mass flux history, gm/mz-sec

number history per unit time, fibers/sec
number of fibers of length, li
fiducial point for photographic data analysis
radial distance

time

wind velocity, mps

horizontal displacement of puff center

horizontal displacement of puff maxima

height of puff center

height of puff maxima

plume leading edge angle with horizontal
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concentration
deposition
exposure
Jacob's ladder
mass flux

spoiler

1 ft

1 in

2-2

DEFINITIONS

mass or fiber density

mass deposited per unit area

integral of concentration over time

rope mesh laden with bridal veil vugraphs
rate of passage of mass thrbugh a unit area
long narrow plate along upper surface of an

airplane wing that may be raised for reducing
lift and increasing drag

CONVERSIONS
0.365 m
2.54 cm



BRL
am

E
Fastax
fps
ft
gm

H

IR

in

kg
LADAR
LC
LED
m

met
mm
mps

N

NWC
pst

S

sec
T.C.
TGA
USA BRL
v

W

ugm

ABBREVIATIONS

Ballistic Resear-h Laboratory
centimeter

tast

fast action

feet per second

ft

gram

horizontal

infrared

inch

kilogram

laser detecting and ranging device
inductance - capacitance

light emitting diode

meter

meteorological

millimeter

meters per second

North

Naval Weapon Center at China Lake, CA
Pacific Standard Time

South

seconds

thermocouple

termal gravimetric analysis

United States Army Ballistic Research Laboratory
vertical

West

microgram

micrometer - micron



3. DESCRIPTION OF TEST PROGRAM

The test data that were reduced and analyzed in the program reported herein
were obtained in a test program conducted under an Air Force contract. A re-
view of this program is presented in Ref. 1. Portions of that document are
used in this section. The tests were conducted by TRW at the TRW Capistrano
Test Site, San Clemente, California and at the Naval Weapon Center (NWC), China
Lake, California during the period November 1977 through May 1978. The purpose
of the tests was 1) to verify the results obtained in previous burn and rxplode
tests of carbon/graphite composite samples conducted in a closed chamber at

the Naval Surface Weapon Center (NSWC/DL), Dahlgren, Virginia and 2) to simu-

late aircraft accident scenarios in which carbon/graphite fibers would be
released.

In order to provide background information which is pertinent for the complete
interpretation and utilization of the results presented in this document, this
section presents an overview description of the test program, a description of
the test sites, a description of the fielded instrumentation that acquired the
test data, and a detailed listing of the conditions of each test.

TEST PROGRAM OVERVIEW

A major objective in conducting the accidental release simulation field tests
was to obtain fundamental emperical data which would permit characterization

of the carbon fiber threat. These data when reduced, analyzed and formatted
would have formed the data bank to support analytic source and transport model
development efforts. Therefore, the field test results would ultimately guide.
the structuring of the model algorithms, provide many of the emperical function-

al relationships in the models and form the basis for checkout and validation
of the mriels.

In order to assure that at the completion of the field tests sufficient appro-
priate Jata of the proper quality would be available, a thorough analysis was
made of the threat characteristics as they relate to the modeling requirements
and accident scenario variables. The results of this analysis impacted all as-
pects of the test program; the test plan, the test matrix, the test site con-
figuration, and most important, the selection of both the active and passive
instrumentation types and deployment.

In this threat/model requirements analysis, the carbon release threat charac-
terisiics were divided into five categories as shown in Table 3,1. The first
twc categories, source description and initiation mechanism, relate to the
«Cccidental release scenarios that were simulated. The last three categories,
hazard or material type release, propagation phenomenology and threat definition
parameters, all relate directly to the source/transport model requirements.
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Table 3.1 Threat Characteristics

SOURCE DESCRIPTION

Material Quantity
Composite Type
Structural Configuration

INITIATION MECHANISM

Burn
Burn/Impact
Burn/Explode

HAZARD RELEASE

Single Fibers
Multiple Fibers
Clusters
Composite Strips

PROPAGATION PHENQMENOLOGY

Plume Lofting
Cloud Transport
Fallout Pattern

THREAT DEFINITION

Concentration History
Deposition

Size Distribution
Electrical Conductivity

The scenario related threat characteristics were translated into the test re-
quirements for excitation sources and test sample types. Major constraints in
specifying these requirements were 1) the necessity for adheri.ig as closely as
possible to the cest conditions of the NSWC/DL closed chamber tests to attempt
to verify those test results under outdoor field conditions, 2) the availabil-
ity of test samples and 3) test range limitations on the total amount of carbon/
graphite composite material that could be tested.

Selected carbon/graphite composite samples were burned in either of two modes;
a propane/air generated flame or JP-5 pool fire. Both "cool" (-1900°F) and
"hot" (~2600°F) propane flame tests were conducted and two sizes of pool fires
were used, 20 ft x 20 ft and 40 ft x 60 ft, Subsequent to the sample propane
burns, the burned sample was exploded (after a one-half to one hour delay). In
the case of the JP-5 fire tests of the barrels and spoilers, the sample residue
from a JP fire burn was replaced over a replenished JP-5 pool, the JP fuel
ignited and after the fire stabilized (approximately 40 to 60 seconds), a C-4
explosive charge was detonated under the sample. The fire was configured to
continue to burn minutes after the explosion., Data was collected downwind
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after both the burn and the burn/explode phases of these JP fire tests.

Carbon composite plates with dimensions of 1 ft x 1 ft x 1/4 in thickness were
tested utilizing propane burns followed by an explode phase. Experimentally
fabricated composite barrels were tested under both propane burn and JP-5 pool
fire conditions with subsequent explosion phases. Finally, tests were conducted
with aircraft spoilers and a F-16 cockpit which were burned in JP-5 pool fires
and in the case of the spoiler test, subsequently exploded in a JP-5 pool fire.

The threat characteristics shown in Table 3.1 that relate to the modeling re-
quirements, are listed in the first column Table 3.2. In the second column,
each of the threat characteristics is translated into the set of parameters

that define the threat characteristic. These are the parameters that were re-
quired to be measured and for which instrumentation had to be selected which
would acquire the appropriate data. Listed in the third column are the measure-
ment techniques or instruments which were selected for determining each corres-
ponding set of parameters. These instruments provided the raw field data that
when appropriately processed and analyzed would quantify each parameter for
supporting the source/transport modeling activities.

Table 3.2 Selected Measurement Techniques

THREAT PARAMETERS TO SELECTED MEASUREMENT
CHARACTERISTICS . _ BE MEASURED TECHNIQUES
Plume Lofting Plume Gas Velocities Flame Velocimeter

Horizontal Air Entrain- Movies
ment Velocities IR Scanning Camera
Plume Lofting Time To Ignition Thermocouples
Cloud Transport Time to Combustion Movies
Completion
Plume Lofting Detonation/Combustion Flame Velocimeter
Cloud Transport Cloud Rise Movies
Transport Properties IR Scarning Camera
Meteorological Sensors
Cloud Transport Cloud Trajectories A1l Fielded Active Sensors
Concentration Growth Envelope Millipore
Histories Concentration Histories Tuna Cans
Size Distritution As Function of Re- Jacob's Ladder
leased Fiber Sizes
Fallout Pattern Deposition Densities As Sticky Paper
Deposition Function of Cloud Bridal Veil Frames
Footprint and Released Pad Collection
Fiber Sizes Sweep Brigades
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Table 3.2 Selected Measurement Techniques (Cont.)

THREAT PARAMETERS TO SELECTED MEASUREMENT
CHARACTERISTICS BE MEASURED TECHNIQUES
Hazard Release Mass Fraction A1l Passive collectors
Released as Supplemented by Active
Function of sensors
Release Fiber
Sizes

The parameters for the first three groups of threat characteristics (which
include plume lofting and cloud transport) were measured by the sole use of
active instruments. These instruments included standard photographic and
temperature sensing techniques; a relatively complex IR scanning and associated
data reduction system; and a flame velocimeter, an instrument devised from ex-

isting laboratory equipment specifically for measuring the flame velocities in
the JP pool fires.

A1l of the active sensors in the field whichalso included LED gages, ball gages,
microwave gages and LADAR, were used to measure the parameters relating to the
fourth group of threat characteristics (cloud transport, concentration histories
and released material size distributicn). Although the measurement of these
parameters was best accomplished by the active instruments, it was necessary to
augment the active instruments with a millipore vacuum system, bridal veil on
tuna cans and a 90 ft x 90 ft "Jacob's Ladder" array with over 300 bridal veil
collectors. This passive instrumentation provided data sampling to the vertical
heights and over the large site areas that the limited number of expensive
active instruments could not cover.

The released material fallout and deposition patterns were measured by the sole
use of passive instruments or collection techniques. These passive collection
techniques were employed over extensive site arrays ranging from ground zero to
6000 ft down range and up to 1500 ft on either side of the site centerline.

Finally, the data required to measure the mass fraction and size distribution

of the released material were obtained by all of the fielded passive collectors.
In this case, the passively collected data was supplemented by data obtained

by many of the active measurement techniques.

A total of fifteen field tests were conducted in the program, three at the TRW
Capistrano Test Site (CTS) and twelve at the Naval Weapon Center (NWC) Test Site.
In all, four different sample types were tested. A summary Test Matrix is

given in Table 3.3. ( A more complete description of each test is given in

the section entitled Test Conditions.)

This test matrix evolved adaptively in that the selection of test conditions

for each subsequent test was based on the observations and results obtained

from the prior tests. As each test was conducted, an evaluation was made taking
into consideration information from 1) field observations relating both to the
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characteristics of the fiber release and the performance of the fielded instru-
mentation, 2) "quick look" data analyses performed on the acquired active and
passive data, 3) the results of pre-test and post-test laboratory analyses, 4)

the dat~ requirements necessary for ultimately defining the threat characteristics,
5) guidelines imposed by range safety and scheduling constraints and 6) the over-
all program objectives and interim DoD program concerns and directives.

A1l of the tests employed both active and passive instrumentation. The amount
of instrumentation, the type of instruments employed in each test and the lay-
out of the instruments on the test site were based on pre-test predictions of
the extent and density of the released fiber material.

Of the fifteen tests, eight were conducted for 1 ft x 1 ft x 1/4 in carbon fiber
composite flat plates. In all of these tests, the plate sample first was burned
and subsequently exploded by a C-4 explosive charge. The flame temperature and
the explosion characteristics were systematically varied from test-to-test.

Three tests were conducted on 2 ft dia x 3 ft carbon composite barrels. In the
first of thest tests a barrel was burned in a propane flame and subsequently ex-
ploded. In the second test a half barrel was exposed to heating from

a 20 ft x 20 ft JP-5 fire plume. The burned debris remaining from the second
barrel test was combined with an unburned half barrel segment. Then both samples
were burned for several minutes and exploded within the fire plume of a JP-5
fire.

Test Numbers 11 and 12 involved three aircraft spoilers constructed of carbon
fiber composite material. In Test Number 11, the three spoilers were burned
within a 40 ft x 60 ft ’P-5 fire plume. The burned debris was then used in
Test Number 12. The debris was placed over the replenished JP fuel pool, the
fuel ignited and permitted to burn for approximately 40 seconds until ignition
was complete and the fire plume stabilized. At this point, an explosive charge
was detonated under the debris sample with the fire continuing to burn for ap-
proximately five minutes.

The last test that employed an aircraft component was Test Number 13 in which an
F-16 cockpit partially fabricated of carbon fiber composite material was burned.
This test again used the 40 ft x 60 ft JP-5 fuel configuration and the total
burn time was approximately six minutes. Due to a combination of subsequent ad-
verse meteorological conditions and test schedule constraints, no opportunity
was available to follow-up with a burn and explode test of the burned cockpit
debris.

The data acquired in Test Nos. 1 through 13 in this test program provided the
starting point for the data reduction and analysis tasks performed under the
subject NASA program and reported in this document. (Reduction and analysis of
the data from Test Nos. 14 and 15 was not included in this contracted effort).
The data reduction and analysis performed in this NASA sponsored program included
the use of laboratory techniques such as thermo-graviametric analyses (TGA), oven
tests, chemical tests, a scanning electron microscope, et al, to analyze the
characteristics of the composite samples. These analyses were performed on the
pre-burned samples, the sample debris after burn and the sample debris after
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burn/explode. Also, the data collected in the field (from each instrument type)
for each test was systematically reduced; analyses of the reduced data were per-
formed to yield both a qualitative and quantitative evaluation of the simulated
accidental release threat parameters to the extent the field data permitted.

TEST SITE CONFIGURATIONS

The test program was conducted at two test sites: the TRW Capistrano Test Site
(CTS), San Clemente, California and the Naval Weapon Center (NWC), China Lake,
California. The initial three tests of the test series were conducted by TRW
at CTS during the months of November and December 1977. A1l twelve subsequent
tests were conducted by TRW at NWC during the months January through May 1978.

CAPISTRANO TEST SITE

The Capistrano Test Site was selected for conducting the initial tests of the
series on the basis of several factors. First, the proximity to TRW Space Park
and the availability of the test site permitted an approximately two and one-half
month earlier implementation of the test series than otherwise would have been pos-
sible due to unavoidable schedule constraints at the NWC test site. These early
tests, therefore, were accomplished without incurring any schedule slippage of the
tests at NWC. Second, information obtained from these early tests and the nature
of the test facility configuration would provide quantitative and qualitative

data that could be utilized to better plan and structure the relatively more ex-
pensiv2 and extensive tests at NWC. This information included the fraction of
material released from.the material samples under several test conditions, and
qualitative descriptions of the released material mass, size, form and distri-
bution on the test pad. Third, these early tests permitted the verification of
test objectives, test plans and procedures that would later be employed in the

NWC tests.

Finally, the CTS tests provided timely field experience to aid in the develop-
ment of:

data collection and cataloging procedures

data reduction and interpretation techniques

instrumentation/data recording operating me*thods

safety and security requirements

The test pad facility at CTS consisted of an approximately 15 ft x 15 ft x 15 ft
structure constructed of light structural steel members, Figure 3.1. This struc-
ture was completely covered on all sides and top by fiberglass screening with a
mesh size of approximately 1 mm x 1 mm. The structure was constructed on an
existing concrete pad. The burn and explode tests were conducted in the center
of this enclosure.

The enclosing screen served three purposes: 1) it assured that essentially all
hazardous fibers that were released (greater than 1 mm) would be completely con-
tained thus safeguarding sensitive equipment and instruments that were located
at the site for other TRW program purposes, 2) the screening eliminated blast
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wave reflections during the explode test phase thus preserving the required am-
bient outdoor test conditions, and 3) all material released in the tests
(greater than 1 mm) would be contained within the relatively small enclosure

and thus, an accurate accounting of the amount and type of material could be
made.

The instrumentation used for the CTS tests included sticky paper, petri dishes,
bridal veil tuna cans, millipore filters, flame and sample thermocouples, LED
gages, ball gages, a microwave gage, pyrometer, and still and motion picture
cameras, both 16 fps and high speed.

NAVAL WEAPON CENTER TEST SITE

An aerial view of the field test site at the Naval Weapon Center 3t China Lake,

California is snown in Figure 3.2. The asphalt portion of thr » has dimen-
sions of approximately 300 ft x 300 ft and is roughly hexagon shape. Withwn
the upwind end of the asphalt pad (right side in the photograp located a

50 ft x 50 ft concrete pad, the center of which is designated _..und zero." All
propane tests and the 20 ft x 20 ft JP-5 pool fire tests were centered on the
concrete pad. The center of the 40 ft x 60 ft pool fires was located approxi-
mately 45 ft upwind (to the right) of the edge of the asphalt pad.

Figure 3.3 shows the dimensions of the asphalt test pad as well as some of the
semi-permanent facilities and instrumentation on the test site.

The control center was Tocated approximately 500 ft upwind of the asphalt pad

and consisted of three structures; the test control building which also served
as a safety barricade, an instrumentation trailer for data acquisition for the
active instruments, and a meteorological instrumentation van

The test site was oriented to take advantage of the usually prevailing south
winds (which would blow from right to left in Figure 3.2.)

Limitations on cable lengths for the active instrumentation confined the place-
ment of this instrumentation primarily on the asphalt pad with some units located
on the desert floor approximately 300 ft downwind from ground zero. In addition,
a vast number of passive collectors were placed in crosswind arrays both on the
asphalt pad and on the desert floor. The passive collectors were located as far
downwind as 6000 ft from the pad and ranged crosswind 1500 ft on either side of
the north-south site center line.
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TEST INSTRUMENTATION

For the purposes of classification, the instrumentation used in the CTS and NWC
tests fall into four categories: 1) passive, 2) active, 3) photograhic and

4) meteorological. The different sensors or instruments in each of these cate-
gories are listed below

Category 1 Passive

Sticky paper stands

Sticky paper strips

Sticky paper rolls

Bridal veil tuna cans

Bridal veil vu graphs

Bridal veil frames

Bridal veil ladder vu graphs
Millipore coliectors

Pad collection

Sweep brigades

Category 2 Active

LED

Microwave

Ball

LADAR
Thermocouple-sample
Thermocouple-flame
Flame velocimeter

Category 3 Photographic

Infrared imaging
Movies-visual and IR

Category 4 Meteorological

Thermocouples

Vanes

Anemometers

Smoke puff generator
Captive balloons
Free balloons

The primary sensor system was the passive instrumentation. Data from the pas-
sive sensors yield the fiber deposition per unit area at downwind and cross-
wind locations, for various fiber length intervals and fiber diameter intervals.
The passive sensor is a simple, cheap and reliable device (sticky paper, sticky
bridal veil, filter paper/vacuum system, etc.) which can be distributed over
great areas with the spacing between sensors varied to suit the specific test
condition. There has been frequent use of these passive systems in past
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experiments. Passive sensors are the corner-stone of the tests discussed in
this document. - )

Although active sensors were used in earlier tests, they were calibrated only
for single fibers. In support of this test program, they were successfully
calibrated for multiple fibers and fiber clusters. However, the active sensors
are considerably more costly to purchase and install than passive sensors, and
therefore, were used in smaller numbers.

A1l of the active instruments used in the test series required that their data
output be trarsmitted via land lines to recorde:rs located in an instrumentation
van. As such, their use was restricted to locations within two or three hundred
meters from the instrumentation van. These sensors obtain time histories of

the fiber clouu concentration for aid in mathematical modeling of the air trans-
port and deposition of the fibers. The active sensors also have the capabilitv
of studying the overhead cloud that overshoots the field of passive sensors at
ground level.

The photographic instruments were used to record continuous time histories of
the fire plume and fiber cloud during each test. Reduction of the recorded
photographic data provides the information required for the plume ard carbon
fiber cloud transport modeling.

The meteorological instruments have a two-fold purpose. First, they provide
the data that characterize the atmospheric conditions under which the tests
are conducted (again, these data are required for the transport modeling).
Second, the instruments provide wind velocity data that is observed during the
test in real time to assure that the test is conducted within the specified
range safety criteria and within the areal deployment of the ficlded instru-
mentation.

PASSIVE INSTRUMENTATION

Sticky Paper is-a term used to identify an adhesive coated paper that was used
to collect the carbon fibers dencsited during the tests. The particuilar paper
used in the tests was manufactured by the Con-tact Paper Co. (part no. 2263)
and was obtained in rolls 18 in. wide and 37.5 ft. in length. This paper is
medium-weight stock, white in color and coated with a pressure sensitive type
adhesive that does not dry out or loose its sticky properties with time,
temperature or dew. This paper is manufactured with a protective cover-paper
over the adhesive coating. When the tests were ready to commence, the sticky
surface was activated by merely pulling off the cover-paper. At the conclusion
of the test, clear acetate sheets are applied to the sticky coating. This
preserves the data and prevents the adhesive from coming in contact with other
sheets when stacked and stored.

Sticky Paper Stands are 2-foot high wooden platforms that support 8 in x 10 in
sheets of sticky paper. These portable stands primarily were deployed 1n arrays
on the asphalt test pad and 50 to 75 ft downwind of the asphalt pad.

Sticky Paper Strips are strips of sticky paper cut 6 inches wide and 8 feet

3-13



long. These strips were stapled to wood planks that were :.aced in arrays ap-
proximately 300 feet to 3000 feet downwind from ground zero and up to 1500 feet
east and west of the test site center line. At each sensor location for sta-
tions 300 to 600 feet downwind of ground zero, two 8-foot wood planks were
used. These planks were joined in a portable "T" configuration and provided
with wooden block feet which raised the sensor platform 2 to 3 inches off ‘the
ground. For each sensor location at the 1000, 1500, 2000 and 3G00-foot downwind
stations a single 8-foot board was used for the sticky paper strips. These
boards were placed directly on the ground surface. For some of the tests, 8-
foot sticky paper lengths were stapled to both sides of these boards. At the
conclusion of one test, the exposed sticky paper was covered with acetate and
" collected. At the same time, the board was turned over and the paper backing
stripped from the remaining sticky paper. Thus, a second test could be con-
ducted with a minimum of turn-around time.

Sticky Paper Rolls are long strips of sticky paper, 6 inches wide and 200 feet
long. These strips were fastened to narrow, 10-foot long wood planks that

were layed end-to-end in radial patterns on the asphalt pad. The 200-foot long
radial strips extended out downwind from near-ground zero every 5 to 10 degrees
on either side of the site north-south centerline. The boards were supported
on stands two feet high tn prevent reintrained fibers off the pad from deposit-
ing on the sticky paper strips.

Bridal Veil is a fine nylon netting sometimes called tulle. This fabric was
used in several passive sensor configurations. The bridal veil has openings
or a mesh size approximately 1 mm by lmm and is available in bolts 180 inches
wide by 50 yards long. Prior to a test, a sticky adhesive is either brushed or
sprayed on the bridal veil. This adhesive is a pressure sensitive adhesive
consisting of an acrylic emulsion made by Rohm and Haas Co., part no. RHOPLEX
N-619. This adhesive has the unique property of remaining tacky for several
days under all of the ercountered ambient conditions of wind, temperature,
dew and solar radiation. As in the case of the sticky paper, the bridal veil
is covered with a clear acetate sheet before it is collected and stored.

Bridal Veil Tuna Cans describe the form of passive sensor that is made from a
tin can (typical tuna can size) which has both ends removed and covered with a
fine nylon netting over the upwind end. The bridal veil netting is held in
position over the tuna can opening by a rubber band. Seven tuna cans were
fastened three feet apart to vertical aluminum ooles 21 feet high, Figure 3.4.
Crosswind arrays of nine to eleven poles were deployed at staiions ranging
from 200 to 275 feet downwind of ground zero. The bridal veil end of the tuna
can faced into the wind.

Bridal Veil Vugraphs are those passive collectors made by fastening bridal
veil netting on a standard vugraph frame., These passive sensors were deployed
facing into the wind approximately three feet off the ground, approximately
ten feet apart around the downwind periphery of the asphalt pad. These vu-
graph sensors were also used to determine the vertical and horizontal fiber
depositions in the vicinity of the active instruments (LED, ball and micro-
wave gages) in order to verify the calibrations of the active instruments,
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Bridal Veil Frames are large horizontally oriented frames constructed from 2 by
4 lumper over which bridal veil netting was stretched and fastened with staples.
These frames were 9 feet by 10 feet in size and were raised three feet off the
ground surface by 2 by 4 legs. The bridal veil frames were deployed at the
600U-foot downwind station, spaced 100 feet apart and extending crosswind 1500
feet on either side of the test site centerline.

Bridal Veil Ladder Vugraphs (Jacob‘'s Ladder) were used to provide fiber ex-
posure data by intercepting a vertical, crosswind cross section of the fiber
cloud with an array of bridal veil vugraphs. The Jacob's Ladder was constructed
of vertical and horizontal strands of nylon rope spaced five feet apart that
tormed a "screen" with a five-foot by five-foot mesh size. Each intersection
of the horizontal and vertical strands of rope was tied securely. Two cranes
were located on the pad 70 to 80 feet on either side of the test site centerline
and approximately 180 feet downwind of ground zerc. Each of the ends of the
upper horizontal strand of rope was attached to the crane hoisting cables. By
raising and lowering the crane cables simultaneously, the ladder could be raised
and lowered. As the ladder was raised a crew of test personnel clipped on ad-
hesive sprayed vugraphs at each of the rope intersections. After the ladder

was raised to its fullest height (90 ft), the bottom of the ladder was fastened
to the ground at several points. (See Figure 3,5 and 3.6.) The ladder was

90 feet wide and 90 feet high resulting in 342 intersections (19 rows horizontally
and 18 rows vertically) with a vugraph a. 2ach intersection. After the test,
the cranes lowered the ladder and the vugraphs were removed , covered with an
acetate sheet and stored for future data reduction.

The Jacob's Ladder was first used for Test No.11 and then for all subsequent
tests.

Millipore Collectors are cylindrical plastic holders into which a disc shaped
filter paper 37mm in diameter is inserted. Air sampling tests are accomplished
by drawing air through the open end of the holder by a vacuum pump. Air flow
(volume) is controlled by a precision-metered orifice connected ahead of the
filter holder. Particulate matter is collected on the surface of the disc
filters as the air is drawn through the filters. The filter paper is a mem-
brane with a pore size of 0.8 micron, thus, particulates larger than 0.8 micron
will not pass through the filter but will be collected on the surface.

The millipore filters were mounted on an instrument pole 30 feet high with
five, six-foot crossarms. Three filters were mounted on each crossarm for a
total of 15 millipore filters per pole. Six poles were fielded for a total of
90 millipore filters. The poles were arrayed crosswind nine feet apart at the
200 foot station downwind of ground zero.

Pad Collection was a procedure whereby after each test, test personnel manually
collected all relatively large fiber clusters and strips from the asphalt pad.
This collection was done by pad sections and the collected material was placed
in plastic bags, sealed and marked by test number and pad section location.

Sweep Brigade was a procedure of manual fiber strip collecting in which 30 plus
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test site personnel were deployed in a crosswind array out past the 6000-foot
station after Test Nos. 10, 11 and 13. This.brigade then "swept" over the en-
tire deposition footprint from the 6000 plus-foot station back to the asphalt
pad. All observed carbon fiber strips were collected and the approximate fall-
out location of each strip and its size were tabulated. In some cases, the
sweep was repeated up to four times inorder to obtain a statistical estimate
of the percentage of total strip fallout that was collected. These repeated
sweeps also had the effect of "decontaminating" the range, i.e., mirnimized

and also quantified the probability that strips collected in subsequent tests
were actually fallout from previous tests.

ACTIVE INSTRUMENTATION

LED is a term which identifies the Light Emitting Diode Source/Detector instru-
ment used to measure the near ground level rarefied fiber cloud concentration
histories at 75 to 300 foot ranges. It consists of a collimated LED light
source, focusing lens, neutral density and band pass filters and a silicon pin
diode detector.

The LED measures number rate of particles passing through its light beam and
causing a shadow on the detector. The number rate can be convertec to a con-
centration by introducing the wirnd velocity, LED beam iength and LED beam
diameter. For cloud chambers where all particies are single fibers with the
same length, the mass flux history is readily obtained from the concentration
history by usirg the mass of each particle. For cutdoor tests it is neressary
to use a relationship relating the fiber statisticai orientation during fall
through the LED beam and size distribution of fibers obtained from sticky paper
next to the LED to obtain mass flux history from the concentration nistory.
The mass flux history allows comparison of the LED sensor data to microwave
sensor data. Figure 3.7 shows a fielded LED instrument.

Microwave refers to microwave sensors specifically developed to measure the
mass flux of clusters and clumps of fibers, as well as dense clouds cf single
fibers. The system atop the five-foot platform shown in Figure 3.8 contains

a 12 gigahertz source, transmitter horn and collimator lens in une column; and
a lens, receiver horn and detector/amplifier in the other column. The air gap
between the columns permits the fiber cloud to pass through it for mass flux
measurement. During passage of the fiber cloud, the received energy is reduced
in proportion to the mass of fibers in the beam path.

The microwave system is installed in locations close to the source where the
other active systems have t @ likelihood of being saturated by the dense fiber
clouds.

Ball Gage is an instrument that not only can detect the presence of a single
carbon fiber, but also can measure its Tength with the aid of a multi-channel
analyzer system., The count rate is porportional to the fiber concentraticon; the
amplitude of each count is proportional to the fiber length. The ball gage is
unique in that it can yield concentration histories for different groups of
single fiber lengths. The ball ¢~7e does not detect fibers under 4mm in length
because the signal falls within tne electrical noise level, but with modified
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circuitry can measure shorter fiber lengths. The high voltage ball shown in

Figure 3.9, charged to 2000 volts, has a sphere of influence several times its
own ball aiameter.

LADAR refers to Laser Detection and Ranging System. This system is used to
measure the relative distribution in space of particulate cloud densities at
successive times. The principle involvas projecting a short 3 nanosecond pulse
of visible ruby laser light along a path where cloud material is expected to
pass. then observing the diffuse and pseudo-specular reflection signals from

a photomultiplier detector along side the laser. The photomultiplier signal is
monitored by photographing a fast oscilloscope trace. The horizontal sweep
speed is calibrated in time so that the progress of the laser light pulse re-
flected return can be related to distance along the light path. The vertical
displacement of the oscilloscope sweep is proportional to the fiber concentra-
tion of material reflecting the light at the determined location.

In initial tests, the LADAR pulses were projected horizontally and eastward at
approximately 225 feet downwind from ground zero.

In later tests a mirror was used to deflect the horizontal beam upward to
sample the fiber cloud concentration as a function of height.

Thermocoupie-Sample is a system using several thermocouples for measuring the
temperature history at various depths within and locations on the test mat-
terial during the burn phase of the test.

Thermocouple-Flame is a system of thermocoiples used for measuring the tem-
perture of the flame at various locations during the burn phase of the test.

Flame-Velocimeter is an electro-optical instrument developed to validate the
model of the fire plume and to scan the pool fire and track hot spots and
particles within the fire. The principle of operation is depicted in Fiqure
3.10. A grid mask placed over a detector series with spacing A4S’ views the

fire with a grid spacing aS. When a given hot spot in the fire plume rises past
the grid, the hot spot appears at the successive grid detectors in a time inter-
val at. The grid spacing and time interval between hot spot arrivals at succes-
sive grids, yield the vertical velecity of the hot spot.

The inset photograph shows the telescope, grid system, infrared detectors, am-
plifier and power supply all housed in a portable system.

Infrared Imaging systems consi-ted of two thermovision IR scanning cameras

that were used to obtain histories of the fire plume and carbon cloud envelopes
and to track the trajectories of hot particulate within the cloud. Both cameras
were modified AGA Corp., Model 661, Various optics were used to obtain narrow
and wide fields of view. One camera w.s sensitive to the light wavelencth 2

to 5 microns; the other was sensitive to 8 to 12 microns. Pictures were dis-
played on a TV monitor and recorded on video tape for later play back and data
reduction.

Movies-Visual and IR systems were used to obtain histories of the fire and

3-22



FONIMTINI
40 F¥IHLS

uotrie|ejsuy abney |[eg

. pPOOR

3>

‘6 E Bunbiy

oy
L]



AB3BWLD0[3N NOUS -BLE| 4 ‘0] C Bunbr

ANVISNOOD NOILLVHEITYD
340053141

SAUN =87

HIHINdANY

| &

340050180



and explode events. Several professional 35mm Mitchell movie cameras were used

in various locations for each test. High speed caiéras were aiso empioyed on
several tests. Primarily, color motion picture film was used, however, on several
tests, film sensitive to the near IR spectrum was also used. _The processed

film was subsequently data reduced to obtain the characteristics of the fire

plume and fiber cloud for later use as a data base in modeling.

METEOROLOGICAL INSTRUMENTS

Thermocouple, Vane and Anemometer systems were mounted on two towers, one ¢ _ct-
ed on the asphalt test pad and one near the southwest corner of the pad. ..
each of three vertical locations on each tower a system of one vane and one
anemometer was mounted together with temperature bulbs that provided a refer-
ence ambient air temperature and tha temperature differences from this refer-
ence temperature at three tower heights. These data (wind velocities and tem-
peratures) were recorded on strip recorders continuously, 24 hours a day, during
the test series. The information obtained from those instruments was required
to determine wind direction and speed, wind shear, and atmospheric inversion
characteristics. This information was used to permit conduct of the tests with-
in range safety constraints and .instrumentation limits and for subsequent data
reduction for modeling data base purposes. The data from these instruments

were also digitized at one minute intervals and recorded on tape.

Smoke Puff Generator was used to monitor the ground level wind direction on the
aspbnalt pad just prior to test initiation. Three tanks of compressed gas were
used as a scurce to produce awhite smoke. Low pressure hydrogen chloride and
anhydrous ammonia were comtined with high pressure nitrogen to provide a
highly visible smoke. The smoke tended to interfere with the performance of
some of the active instruments located on the test pad and the use of the gen-
erator was discontinued after four tests.

Captive Balloons were five-foot meteorological balloons inflated with helium

that were lofted prior and during each test to monitor wind direction and

obtain low-level wind shear characteristics. Two balloons were generally used
tethered at altitudes ¢f 150 to 200 feet. One balloon was located just south

of the test pad and the . her approximately 100 feet south of the instrumentation
vans.

Free Balloons were five-foot meteorclogical balloons inflated with helium and
weightad with approximately 100 grams. These balloons were released at one to
five minute intervals prior to test initiation to determine the wind directicn
and wind shea~s over the full downwind extent of the test site.

REPROGHITCUY oF THE
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TEST CONDITIONS

To a large extent, the overall test program was directed toward simulating air-
craft accident scenarios in which carbon/graphite fibers would be released. To
this end, the field test conditions were designec to yield data that when sys-
tematically processed and analyzed would support the eventual development of
models which would predict the events for different accident incidents. The
accident scenario characteristics provided many of the constraints and guidelines
for developing the test site configuration, the instrumentation requirements and
deployment arrays, the selection of test samples and the specification of test
conditions for each test.

For each of the test samples used in the tests, which included both flat plates
and in-service components, it was necessary to assure that a compatibility
existed between the amount of material predicted to be released (a function of
the tyoe and mass of the sample) and the type and location of the instruments
selected to collect or monitor the released material. In the case of active
instruments, their selection and location depended on matching the sensitivity
of each instrument to the expected release phenomenon (released material
characteristics) and transport characteristics of each test sample type. (The
active instruments sensitivities ranged from the ability to measure only single
fibers to the measurement of only heavy mass concentrations.)

In the case of the passive material collectors, the size and location of each
collector and the number of collectors were primarily dependent on the scenario
characteristics selected for each test. Relatively few, small size collectors
located no further than 1000 ft downrange were adequate for those tests which
were conducted on samples of low mass and which were burned 1n a propane flame.
However, the tests in which samples were burned in JP-5 pool fires required test
samples of relatively higher mass (barrels, spoilers and cockpit) and much more
extensive arrays of passive collectors. The ability of the large JP fire plume
to tr.asport particles to large distances downrange required collectors as far
out as 6000 ft and arrayed crossrange, 1500 ft on either side of the center line.
In order to assure that any collected material at these far-out ranges would
have statistical significance, it was necessary to use the large (9 ft x 10 ft)
passive collectors. Additional arrays of collectors were located at the 1000,
1500, 2000 and 3000 ft downrange distances, also arrayed crossrange, 1500 ft on
either side of the center line. These intermediate passive collectors were 6 in
x 8 ft in size.

Generally, the test conditions for each of the tests were varied to simulate dif-
ferent scenario characteristics. Besides variations in the test sample material
and its mass such scenario factors as the pool fire size and duration, the mode
of heating of the sample {radiation or convection) and the explosive character-
jstics were varied. Each combination of these variables required adjustments or
changes in the instrumentation requirements and deployments, test sequercing,
personnel requirementis, test time and test scheduling and range safety require-
ments and constraints.

3-26



As mentioned above, as the test program progressed it was necessary to field
more extensive arrays of instruments and passive collectors since the material
released in the later JP-5 fire tests would significantly transport over longer
distances downwind. In addition, certain observed phenomenon such as aperiodic
transport effects, cloud heights and released material strips suggested the use
of additional types of instrumentation and collection techniques. These in-
cluded the LADAR instrument, the "Jacob's" ladder and the sweep brigade. The
requirement to measure the dynamics of the fire plume prompted the more exten-
sive use of the IR scanning camera and the use of a flame velocimeter.

The fielding of these additional instruments and more extensive instrument and
collector arrays was judiciously determined for each test based on analytic pre-
dictions and "quick Took" data analyses of the results of the previous tests.

Nevertheless, the later JP-5 fire tests involved the collection of a vast amount
of raw data.

Tables A.1 through A.15 given in Appendix A 1list the detailed test conditions for
each of the fifteen tests in the test series. In addition, given below is a des-
cription of some of the characteristics unique to each test.

TEST NC. 1 - PLATE TEST

Test No. 1 was the first test of the three conducted at CTS in which sample
plates of Thornel 300 were burned 2nd exploded. In this first test, the sample
was burned for approximately 40 minutes over a propane burner with air supplied
by means of aoventuri-sucticn orifice. The peak flame temperature was recorded
at about 1900°F.

Following the burn phase, four 1/2 oz charges of C-4 expiosive were detonated 12
inches below the plate burn residue. The explosive charges were contained in
four concave holders that effectively generated a planar blast wave. The blast
pressure at the plate was estimated to be approximately 0.8 kilobars.

TEST NG. 2 - PLATE TEST

This test was a repeat of Test No. 1 except for the following conditions. The
sample was burned for 20 minutes over a propane burner with air supplied from a
compressor. This burner configuration yielded a peak flame temperature of about
2300°F. In this test, the four 1/2 oz charges of C-4 explosive were detonated
while the explo-ive holders were in contact with the bottom surface of the burn
residue, thus producing a "punch out" effect. The blast pressure at the plate
was estimated to have exceeded 120 kilobars.

TEST NO. 3 - PLATE TEST

The differences in test conditions between Test No. 2 and Test No. 3 were 1) the
burner propane/air mixtgre flow rate was increased to produce a hotter flame
temperature, about 2600°F and 2) four additional 1/2 oz C-4 explosive charges
were placed directly on top of the burn residue (with no backing piate or holders)
and detonated together with the four 1/2 oz charges in contact with the bottom

of the rasidue (as in Test No. 2). This blast configuration had the partial ef-
fect of squeezing the sample residue horizontally to all sides.
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TEST NO. 4 - PLATE TEST

This first test at NWC was a repeat of the first test at CTS (Test No. 1) with
three major differences in test conditions. First, the test was conducted in
the absence of any enclosure. 8econd. although the same burner configuration
was used as in Test No. 1 (1900°F peak flame temperature), the sample was burned
for 20 minutes. And third, a single, 2 oz C-4 explosive charge was detonated

12 inches below the burn residue instead of the four 1/2 oz charges used in

Test No. 1. This single explosive charge was contained in a relatively deep
steel corcave fixture which duplicated the explosive holder used at the NSWC/DL
chamber tests. This explosive receptacle results in a semi-shape charge type of
explosion and therefore, produced a punch-out effect on the burn residue.

TEST NO. 5 - PLATE TEST

The burn phase for this plate test was identical to the test conditions under
which Test No. 2 was condusted, i.e. a "hot" burner with a peak flame tempera-
ture of approximately 2300"F. The explcsion phase used the same detonation con-
figuration as in Test No. 4, i.e. a single, 2 oz charge, one foot below the burn
residue. The LADAR instrument sensor was first used at NWC on this test.

TEST NO. 6 - PLATE TEST

This test was a repeat of Test No. 5 except for minor revisions in some of the’
passive instrumentation.

TEST NO. 7 - CALIBRATION, EXPLODE ONLY TEST

This test was performed in order to obtain a set of data for calibration pur-
poses for the IR imaging cameras and the motion picture cameras. No passive or
active instruments other than the IR imaging and motion picture cameras were
fielded in this test. No material sample was used; only a single, 2 oz C-4
explosive charge was detonated identical to the detonation configurations in
Test Nos. 4, 5 and 6. The data from this test would reveal the differences in
cloud properties between an explosion with and without a fiber cloud.

TEST NO. 8 - BARREL TEST

This test and the two subsequent tests used an experimental barrel fabricated
from Hercules AS carbon fiber. However, Test No. 8 was the only test in which

the barrel was burned in a propane flame. A JP-5 pool fire was used in Test Nos.
9 and 10.

In the burn phase of this test, an enlarged propane burner was used with air
supplied by a compressor, thus producing a "h8t" flame as in Test Nos. 2, 5 and
6 with a peak flame temperature of about 2300°F. Prior to the test, the barrel
was cut up into twelve segments; two segments were burned at a time, the seg-
ments positioned side by side over the burner. The burn duration for each of
the "two segment" burns was 2C minutes.
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The burn residue from the six 2-segment burns was combined and a single 2 oz C-4
explosive charge detonated 12 inches below the residue using the same explosive
holder as in the previous four tests (Test Nos. 4, 5, 6 and 7).

This was the first test in which feather-like clusters (“chicken feathers") of
carbon fibers were released after the explode phase. Also in this test, passive
collectors were first deployed out to the 1000, 1500, 2000 and 3000-ft downwind
stations. The feather-like clusters were noted as far out as the extreme (3000 -
ft) sticky paper collectors.

TEST NO. 9 - BARREL TEST

Test No. 9 was a burn only, barrel test conducted in two separate burn phases.
This test was also the first test in which a JP-5 pool fire was employed. A 20-ft
x 20-ft pool, centered at ground zero, was constructed on the concrete pad. A
layer of water was flowed into the pool tz produce a level surface. Then JP-5
fuel was flowed into the pool on top of the water; a measured quantity of JP-5
fuel was used depending on the fire duration desired. Several tens of gallons

of gasoline were poured on the JP-5 fuel and ignited by electrically detonated
squibs at the established ignition start time.

In the first burn phase of this test, a half barrel segment (cut longitudinally)
was suspended six feet over the pool surface at a location such that the barrel
segment was heated only by radiation from the pool fire flame. The total burn
time was three minutes. Approximately, three pounds of aluminum and magnesium
were added to the fire to elevate the flame temperature.

In the second phase of this test, the partially burned barrel segment was re-
positioned five feet over the pool at a location such that the segment would be
within the pool fire flame and thus heated both by radiation and the intense
convection. The total burn time for this test phase was six minutes.

Due to imposed scheduling constraints, no active instrumentation was fielded in
this test and Test No. 10. However, approximately fifty percent of the full
complement of passive sensors were deployed in both of these tests.

TEST NO. 10 - BARREL TEST

In this test, the burned residue from Test No. 9 was combined with a fresh half-
barrel segment and positioned approximately five feet over the 20 ft x 20 ft

pool and within the pool fire flame. Approximately four minutes after the JP-5
fuel was ignited, a 2 oz C-4 explosive charge was swung into position underneath
the barrel segments and detonated. The pool fire continued to burn after the de-
tonation for approximately four and one-half additional minutes creating a con-
tinuous plume downwind.

Unfortunately, just prior to detonation a sudden wind shift to the east caused
the fire plume and all fiber fallout to miss the north-south oriented arrays of
passive sensors. However, after the detonation, large strips of fibers were ob-
served within and depositing out of the fire plume. These strips could also be
seen in the motion picture data. This was the first test in which such fiber
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strips were released in a test. (In this test, the strips were up to approxi-
mately two inches wide and 12 to 18 inches long). Strips such as these were
also released in Test Nos. 11, 12 and 13. Test personnel then swepc over the
deposition footprint noting very heavy strip deposition on the pad up to 150
feet from the fire, moderate deposition (eight to ten strips in a 20 ft diameter
area) out to over 750 feet; and some strips as far out as 1900 feet. In con-
trast to the strips collected in the subsequent spoiler and cockpit tests which
generally had relatively sharply defined edges as if "peeled" off the material
sample, the strips from this barrel test were feather-like both on the edges and
ends with many fibers peeling off the surfaces of the strips.

TEST NO. 11 - SPOILER TEST

Test Nos. 11 and 12 involved three aircraft spoilers constructed of carbon fiber
composite material. In Test No. 11, the three spoilers were burned over a 40 ft
x 60 ft JP-5 fire pool. The pool was constructed south of the asphalt pad with
the pool long dimension oriented in the north-south direction. The center of
the pool was 114 ft south of ground zero and on the norih-south site centerline.
(A11 sensor north-south stations are referenced to ground zero, the center of

the concrete pad; stations north are designated plus, stations south are desig-
nated minus. )

The spoilers were suspended approximately seven feet over the pool fire surface
at a location such that the spoilers would be in the center of the flame plume:
The total burn duration of the .pool fire was approximately four minutes.

A major release characteristic in this test was the release of composite strips
during the burn. A sweep brigade was organized and the deposition footprint

swept from beyond the 6000-foot station back to the pad. This sweep was re-
peated three times and it was estimated that 90 to 98 percent of the total strips
released were collected. Strips were recovered beyond the 6000-foot station with
the heaviest deposition at about 1800 feet from the ~ool fire. The largest strips
were approximately two inches wide and almost four feet long.

TEST NO. 12 - SPOILER TEST

This test was a burn/explode test in which the burned spoiler residue from Test
No. 11 was replaced in the same position as for Test No. 11 over the 40 ft x 60
ft pool. The pool was replenished with JP-5 fuel and the fuel ignited. The fire
was permitted to burn for approximately 40 seconds until the fire plume sta-
bilized and then a single 2 oz C-4 explosive charge contained in the same type
fixture as used in the previous NWC tests was swung underneath the material
sample and detonated. The fire continued to burn for an additional six and one-
half minutes.

Unfortunately in this test, the cable that moved the explosive under the sample
broke before the explosive charge was swung completely into position under the
material sample. Consequently, the detonation occurred approximately twelve
inches below but approximately two feet to the west side of the sample. The
effect of this detonation was to 1ift the bulk of the material off its suspen-
sion fixture and to toss it out of the fire plume to the east side of the site,
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ten to fifteen feet outside of the fire pool. . Therefore, very little material
was lofted into the fire plume and downrange to the instrumentation arrays.

TEST NO. 13 - COCKPIT TEST

This test was the last test that involved an in-service component. An F-16 cock-
pit, partially fabricated of carbon/graphite fiber composite, was burned over

the 40 ft x 60 ft JP-5 pool fire. As in the case of the spoiler tests, the cock-
pit was suspended seven feet over the pool fire surface within the fire plume.
The fuel was ignited and burned for approximately six minutes.

During the last minute of the fire, an interesting phenomenon was observed. At
this time, the burned cockpit consisted mainly of its metallic inner structure
with some composite material. This structure could be seen within the fire
sitting upright on the suspension fixture. The structure still maintained the
general cockpit shape as long as the fire burned vigorously. However, as the
fire died down, just before the six-minute point, the strength of the fire up-
draft diminished to a point at which the updraft no longer was strong enough to
support the weakened cockpit and the entire cockpit collapsed. Apparently, up
to this point, the only forces that held the cockpit remains in the original
cockpit configuration were the intense updrafts from the fire.

As in Test No. 11, composite strips released from the cockpit were observed to
be trapped and lofted in the fire smoke plume and subsequently falling.out of
the plume downrange. - The entire deposition footprint was again swept by test
personnel and these strips collected and their size and deposition location
tabulated. The strips were as large as three inches wide, 54 inches long and
averaged about one and one-half plies in thickness.

Due to a combination of subsequent adverse meteorological conditions and test
schedule constraints, no opportunity was available to follow-up this cockpit test
with a burn and explode test similar to Test No. 12,

TEST NO. 14 - PLATE TEST

Test Nos. 14 and 15 were the last two tests of the test series. In these two
tests, flat plates of Thornel 300, identical to the plates tested at CTS and in
Test Nos. 4, 5 and 6, were burned over a propane burner. The flame temperature
for Test No. 14 was approximately 2000°F and the burn time was 20 minutes. The
burned plate residue was then placed at ground zero and a single 2 oz C-4 ex-
plosive charge was detonated six inches below the residue. The charge holder

was identical to the type used in all of the previous NWC explode tests.

Although Test Nos. 14 and 15 were similar in many respects to the earlier NWC
plate tests, a major difference was that the Jacob Ladder bridal veil vugraph
array was available for these last two tests. However, due to government
directives, no active instrumentation nor IR and visual camera coverage was
fielded. Also the use of some of the passive sensors was eliminated from these
two tests.
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Reduction and analysis of the data acquired in Test Nos. 14 and 15 was not in-
cluded as a part of the subject program and the results of these tests were not
available for this report.

TEST NO. 15 - PLATE TEST

The only difference in test conditions between this test and Test No. 14 is the
flame temperature for the material sample burn. In this test, the propane burnsr
fuel/air flows were adjusted to yield a flame temperature of approximately 2400°F
The burn time was 20 minutes.

During the explode phase of this test, a sudden wind shift caused the fiber
cloud to miss the instrumentation arrays and little, if any, data were acquired.

FIELDED INSTRUMENTATION SUMMARY

Tables 3.4, 3.5 and 3.6 1ist all of the instruments used for each of tne twelve
tests conducted at the NWC Test Site. Table 3.4 lists the passive collection
techniques; Table 3 5, the active instruments; and the photographic techniques
and meteorological instruments are listed on Table 3.6.

These instrument matrices demonstrate the adaptive evolution of the fielded in-
struments as the tests progressed from relatively small samples burned in pro-
pane flames to the larger in-service components burned in large JP-5 pool fires.
Except for imposed constraints, the revisions in instrumentation from test-to-
test were made for one or more of the following reasons: 1) to improve the
quality of the overall data acquisition system based on deficiencies noted in
previous tests; 2) to improve the cost and time effectiveness of the field
operations; 3) tc expand the data acquisition arrays tc cover the increased site
sampling area for the JP fire tests; and 4) to provide specialized instruments
and collection techniques for measuring specific parameters that were peculiar
for certain tests, such as the flame velocimeter, the free balloons, the sweep
brigade and the large bridal veil frames.
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4. PASSIVE INSTRUMENTATION: DATA REDUCTION AND ANALYSIS
INTRODUCTION

Presented herein are the results of reduction and analyses of field test passive
instrumentation data and the performance of laboratory tests toward evaluation
of various source generation aspects. A wide spectrum of passive instrumen-
tation techniques were applied as well as variations in the respective instru-
mentation %est layouts. In some cases the test data were relatively limited
due to the influence of meteorological conditions toward irreguiar dispersion
of deposition patterns. All available data were analyzed with attention
focussed on characterization of the observed particulate in terms of number,
mass, length and diameter distributions and evaluation of relative variations
associated with the plate, barrel, spoiler and cockpit samples and different
test conditions.

DATA REDUCTION METHODOLOGY
Data reduction techniques were applied a appropriate depending on the nature
of the record type and particulate domain of interest. In all cases the basic
approach consisted of direct measurement of particle dimensions over designated
record segments with areas governed by particle densities.

Visual aids and associated magnifications are noted as follows:

e Photographic Enlargement 3X to 9X

e Comparator 7X

e Microfiche Viewer 24X

e Nikon Profile Projector 10X to 50X

e Microscope 10X to 100X
e Metallogra,. 50X to 1000X

Instrumentation records consisted principally of sticky paper sheets (8"x10")
and strips (6"x8') and adhesive-covered bridal veil mounted on tuna can
(3.25" diameter) and vugraph (7.5"x9.5") frames. Particle shapes observed to
varying degrees for different tests may be categorized as follows:

Desigination Fiber Number
Singles 1

Multiples 2 - 10

Lint 10 - 100
Clumps 10 - 100
Clusters 100 - 1000
Strips 1000 - 100,000
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Detailed descriptions and representative photographs are presented in later sec-
tions of the report.

Data reducticn procedures were developed as most readily apolicable to the indi-
vidual types of instrumentation records. Sequential stages in data reduction of
a sticky paper strip record are indicated schematically in Figures 4.1 to 4.3.

A similar representation of the data reduction approach for the Jacob's Ladder
bridal veil vugraph records is shown in Figures 4.4 and 4.5.

It is noted that particle counting for the sticky paper records was generally
performed for all of the 100 1 cm x 1 cm squares corresponding to the transparent
-grid overlay. However, in a limited number of cases where the particle density
was particularly high, the number of squares ccunted were reduced to the extent
that the particle quantity was of the order of several hundred. The selection

of specific areas for the counting process was not considered a sensitive statis-
tical factor since in general the particle distributions appeared to be relatively
uniform over the extended areas considered in comparison to the total records.

PLATE TESTS
INSTRUMENTATION LAYOUT

Plate tests 1, 2 and 3 were conducted at the TRW Capistrano Test Site and Plate
Tests 4, 5 and 6 were performed at the Naval Weapons Center. An exploded view
of the passive instrumentation. layout for Tests 1 and 2 is shown ir Figure 4.6.
Sticky paper strips 8" in width and 4' to 6' in length were located on the
chamber floor during Test 3. Figure 4.7 indicates the instrumentation layout
for Tests 5 and 6. Variations in the geometric array of sticky paper sheets and
strips were introduced during Tests 4, 5 and 6 in order to explore optimum pat-
terns for data acquisition. No major advantage for any particular option was
apparent.

PARTICLE DISTRIBUTIONS

A representative sticky paper record is shown in Figure 4.9. Records of this
nat @ were observed in Tests 1, 2 and 3 with varying degrees of density and
frequency of large particles depending on proximity to ground zero. Similar
tyres of records occurred in Tests 4, 5 and 6 with a progressive decrease in
overall density and disappearance of heavy particulate for increasing range.

A comparative plot is represented in Figure 4.9 of the particle number distribu-
tion as a function of length and width for Tests 1, 2 and 3. The ordinate values
correspond to an integration over the 225 sq. ft. floor area of the test chamber
based on the assumption that the particle distribution characteristics established
by data reduction of the available records constituted a reasonab]e approxima-
tion of the average over the entire floor area.

In Figure 4.9 it is noted that the several envelopes of occurrence frequency per

length interval are quite similar, with significantly higher quantities for Test
3. No striking trend is apparent in the relative occurrence patterns for the
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various width domains. A plot of the data for Test 3 corresponding to the
length interval of 1 to 10 mm is shown in Figure 4.10.

Particle deposition footprints for Tests 4 and 5 are indicated in Figure 4.11
as determined from the data envelopes reflected by ihe various types of instru-
mentation records. .Variations in the wind direction during the course of pro-
pagation of the particulate cloud are readily apparent. Extensive instrumenta-
tion arrays were necessary in order to ensure adequate data acquisition in
anticipation of unpredictable vagaries of the wind direction.

Figure 4.12 indicates the particle number distribution obtained with the vertical
array of millipore gages (47 mm diameter) covering a region of about 75 ft wide
and 30 ft high at a distance of 200 ft from ground zero. The circled values re-
present particle numbers observed for the gages at the designated location.
Multiplication of these values by a factor of 53.5 yields an estimate of the
corresponding particle density per square foot. High density values of about
1000 particles/sq ft are noted at 10 to 12 ft west and at a height of 10 ft.
Singular high density regions ranging from 1500 to 2000 particles/sq ft occur at
elevations of 20 to 30 ft and ranges of 12 to 18 ft west.

Millipore sensor arrays were located at a range of 200 ft during Tests 4 and 5.
Although a detailed quantitative evaluation was not performed, it appeared that
the particles collected by the millipore filters were generally of lengths
smaller than 1 mm, with only a relatively small percentage of greater lengths. -
The possibility cannot be discounted that data of this nature were an accurate
representationr of the particle length distribution within the cloud segment
that had propagated across the millipore collector network. A careful evalua-
tion o{ the effectiveness of the millipore gages field test conditions was not
possible.

Since some uncertainty developed regarding the efficiency of the millipore in-
strumentation which could not be resolved within the time frame of interest,

and since attention was being focused principally on particles in the 1 to 20 mm
length domain, it appeared advisable to replace the millipore sensors (47 mm)

by the tuna can gages (8.26 cm) at 200 ft range in Test 8 in order to increase
the collector cross-section by a factor of about 1.8 and area by a factor of
about 3.1. This arbitrary judgement for the field test considerations of in-
terest was not intended to undermine confideice in the millipore instrumenta-
tion for this application. Studies would be required to determine the range of
effectiveness of millipore sensors for specific test conditions and data require-
ments.

Gaussian approximations of azimuth and range variations for the Test 5 sticky
paper data yielded the particle density distribution shown in Figure 4.13 over
particle length intervals of 1 to 20 mm. For a constant azimuth of 5° west the
detailed density variations with range for specific particle length and width
intervals are plotted in Figure 4.14. The data appear to indicate that the
magnitudes to a first order extent are relatively constant over the range of

60 to 200 ft and that predominant lengths are in the 1 to 3 mm interval and pre-
dominant widths in the 5 to 10 micron (singles) and 70-300 micron domains.
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The test conditions for Tests 5 and 6 were identical with the exception of the
wind direction. The deposition footprint for Test 5 fell within the bounds of
the instrumentation array as shown in Figure 4.11. However, due to a sudden
change in wind d1rection at shot time, the Test 6 footpr1nt propagation axis was
predominantly 200 west with re]at1ve1y narrow dispersion in azimuth. Therefore
a good set of sticky paper data was obtained principally along the 20° W strip.

Estimates of the particle density variation along the path of maximum densities
were determined for Test 5. Comparlson of this data with the singular density

values along 20°W for Test 6 is shown in Figure 4.15. In general the patterns

from 60 to 200 ft are in reasonably good agreement. An interesting manifesta-

tion of the Test 6 data is the appearance of two high density regions at 20 and
80 ft with a reduction by a factor of about 20 at 50 ft. It is quite possible

that there are two segments of the particulate cloud such that close-by disper-
sion and subsequent propagation may be attributed to different phenomena.

MASS ESTIMATES

Integration of the sticky paper data for Test 5 over the deposition footprint
area from 60 to 600 ft yielded the total particle number spectrum shown in Table
4.1. Corresponding estimates of particle mass are presented in Table 4.2. A
comparative plot of the number and mass distribution is given in Figure 4.16.
Although a relatively significant number of s1ngles occur, the assoc1ated mass
estimates are essentially negligible.

It is interesting to note that the particle number distributions for Test 3 in
Figure 4.10 and Test 5 in Figure 4.16 are very similar. Comparable agreement
occurred for the mass estimates. It appears reasonable to conclude that the
chamber test offered a good simulation of the field test conditions in the parti-
culate source generation.

Data reduction techniques for sticky paper records permit cbservation of only
length and width parameters such that some approximations are required in order
to establish mass estimates. Figure 4.17 indicates a number of representative
profiles. Judgement factors are required even in establishing appropriate width
values. With reference to thickness limitations measurements relative to large
samples of post-test debris yielded an upper 1limit generally of the order of

150 microns which corresponded to the thickness of a single ply.

It appears that during the burn phase depolymerization occurs more readily for
the interstitial resin than for the resin contained in close proximity to the
fiber matrix in a single ply and thereby resulting in single ply pancake layer-
ing prior to the explode phase. The plate sample was 0.25" thick and consisted
of 40 ply of T-300/5208 graphite composite.
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Based on the foregoing considerations, mass estimates were determined by the
following approximations: ‘

(a) Assume cylindrical cross-section for widths less than 150 microns,
with mass given by:

M= %-szps
where M = particle mass
w = maximum particle width
L = maximum particle length
p = mass density (1.6 gm/cc)
S = shape factor

The shape factor is defined by:

Shape Factor = QObserved Particle Area
Maximum Length x Maximum Width

with average values over most of the data generally about C.6.

(b) Assume that when the widths are of a magnitude of 150 microns or
greater the thickness has reached a constant upper limit of 150
microns such that the cross-section is rectangular, with mass
given by:

4

M=1.5x10 wlopS$

A comparison of the ratio of particle mass relative to initial sample mass be-
tween Tests 3 and 5 is shown in Figure 4.18 for particles in the length interval
of 1 to 20 mm. Reasonably good agreement is observed for the total mass parti-
culate as well as for the mass of single fibers only.

The mass of singles for Test 3 corresponding to fiber lengths of less than 1 mm
was estimated to be 4.0 gm or about 0.46% of the initial mass of 873 gm.

Figure 4.19 indicates a comparison of single fiber mass estimates as reported
by the Naval Surface Weapons Center in relation to the TRW results of Tests 3
and 5. The test sample for the NSWC chamber test and TRW chamber and field
tests were in all cases T300/5208 plates, 12" x 12" x 1/4" in dimensions and
40 ply, with similar initial mass and burn times of 20 minutes.

The NSWC test data indicated the single fiber mass as 1.78% of the initial mass,
whereas the TRW results were a factor of about 100 times lower with 0.01% for
Test 3 and 0.008% for Test 5.

The data reduction technique for the NSWC records was a line intersection count-
ing procedure for single fibers developed by Dr. John Trethewey at the Dugway
Proving Ground. The TRW approach was direct counting by means of various optical
aids.
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A relative evaluation between the two techniques was performed recently based on
a specified set of NSWC chamber test records being analyzed for single fibers
only initially at Dugway and subsequently at TRW. Comparison of results by TRW
and Dugway in December 1978 indicated that the Dugway line intersection techni-
que yielded number values consistently greater by a factor of about 2 to 3 than
obtained at TRW by the direct counting method, with length values quite similar.
A modification suggested by TRW of reducing the line widths of the Dugway re-
ference grids may lead to some reduction of the Dugway values and thus bring the
single fiber counting results into even better agreement. It therefore appears
reasonable to conclude that the two data reduction techniques are in substantial
agreement.

At the present time there is no apparent explanation for the discrepancy by a
factor of about 100 in single fiber mass indicated by the NSWC and TRW data pre-
sented in Figure 4.39.

BARREL TESTS
INSTRUMENTATION LAYOUT

The sticky paper array on the test pad for Test 8 consisted of 8" x 10" sheets
108ated aB 10 ft spacing from 10'N to 200°'N over an azimuth range of 25°W to
25°F at 5" intervals. At 240', 400' and 600' North, the sticky paper distribu-
tion was similar to earlier tests at NWC. Three series of tuna can poles were
were located 200', 285' and 600' North.

For Tests 9 and 10 the sticky paper sheets on the test pad were spaced at 20 ft
over azimuths of 2004 to 209FE at 100 intervals. In addition to the unmodified
sticky paper distribution at 240', 400' and 600' North, rows of fifty 6" x 8'
sticky paper strips spaced 50 ft apart were located at 1000', 1500', 2000' and
3000' North. Tuna can vertical arrays were not included. Bridal veil gages
mounted on 9' x 10' frames spaced 100' apart were introduced at 6000' N extend-
ing from 1500'W to 1500'E.

TEST RESULTS

Two singular characteristics were observed in the data reduction of the Test 8
records in that (1) a large number of particle clusters had been generated and
(2) the frequency of occurrence of single fibers was generally about 80 to 90
percent of the total particulate.

Figure 4.20 portrays the nature of cluster particulate observed in the sticky
paper sheets located along the 10%€ radial direction. The clusters are wispy in
appearance resembling conglomerations of large numbers of single fibers with
very little evidence of resin residue. The distribution of cluster width and
length dimensions observed on the test pad records is plotted in Figure 4.21.
Sizes ranged from about 1 to 9 ¢m in length and 0.25 to 5 cm in width.

Reduction of the Test 8 sticky paper records indicated the single fiber density
distribution shown in Figure 7.22. In general, the total number of particles
for the barrel sample of Test 8 was quite comparable to the results of Test 5
for the plate sample.



Figure 4.23 shows a representative tune can record {1 mm mesh) at a range of
200' and elevation of 27' indicating the high percentage of single fibers and
the presence of a part1c1e cluster. The single fiber density distribution at
200' range is presented in Figure 4.24. Integrgtlon over the entire network
yields a cumulative particle total of 6.22 x 10°. Based on a mean diameter of
5.2 microns and mean length of 3.2 mm the mass of single fibers integrated over
the tuna can array at 200 ft range is estimated as 0.76 gm. It is evident from
the particle density distribution shown in Figure 4.24 that some unascertainable
portion of the fiber cloud extended above and to the east of the 30 ft tune can
network. The total extent of the cloud is uncertain as well as the question
whether cloud formation had developed in multiple modes.

~Single fiber distributions integrated over the tuna can networks at 200', 285'
and 600' range are plotted in Figure 4.25 as a function of fiber length intervals.
Integration over the respective contours yields the following results:

Range Total Particle Number
200 ft 6.22 x 10°
285 ft 1.41 x 106
600 ft 0.68 x 10°

The attenuation with range of the total particle number may be attributed to
normal cloud dispersion and fallout attrition, although some influence may have
been exerted by variations in cloud directions due to changes in wind vectors.

Figure 4.26 indicates the relative frequency of occurrence of single fibers as
related to length interval. The average length for the distribution is 3.20 mm.

During Test 8 the barrel sample had been subjected to a hot propane burn for 20
minutes followed by initiation of a high explosive charge. The barrel sample of
Test 9 was placed at a height of several feet above a JP-5 pool fire and sub-
jected to sequential burns of 3 minutes and 6 minutes. In the case of Test 10,
the barrel sample was located in a JP-5 pool fire for 5 minutes and then sub-
jected to an HE explosion.

Sudden unfavorable wind conditions precluded acquisition of any data over the
extensive distribution of sticky paper gages for both Tests 2 and 10. Visual
post-test inspection on the test pad and outlying areas east of the test pad on
Test 10 indicated that a new type of particulate in the form of thin laminar
strips had been generated of a nature not observed during the earlier tests.

The general strip deposition locations for Test 10 are shown in Figure 4.27
although a comprehensive effort to map the deposition region and accumulate the
strips for further study had not been initiated.
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MASS ESTIMATES

Mass balance considerations for Test 8 are summarized in Figure 4.28. Of an
initial sample mass of 9230 gm about 40 percent, or 3690 gm, constituted fiber
mass. The post-burn sample mass was 575 gm indicating a loss of about 85 per-
cent relative to the initial fiber mass assuming the residual resin mass was
negligible in view of the predominance of single fibers in the test data.

It appears therefore that considerable oxidation of the AS fibers had taken

place during the hot propane burn of 20 minutes. In addition, it was anticipated
that the post-burn fibers would manifest a graduated reduction in fiber diameter
depending on the individual degree of oxidation. By means of a metallograph,
measurements were made of the single fiber diameters from pre-test samples and
post-test tuna can records. The diameter distributions shown in Figure 4.29
clearly indicate the influence of oxidation effects.

With reference to the mass balance estimates of Figure 4.28 the total post-test
mass distribution integrated over the deposition footprint out to 3000 ft

range vas determined to be about 120 gm. In relation to the post-burn mass of
575 gm it appears therefore that a differential mass of 455 gm need be accounted
for.

SPOILER TESTS
INSTRUMENTATION LAYQUT

On the test pad a vertical array of 342 gages were distributed at 5 ft spacing
along the nodal points of ¢ 90'x90' Jacob's Ladder at 180'N as shown in Figure
4.30. The gages consisted of adhesive-coated bridal veil mounted on vugraph
frames (7.5"x9.5"). A total of 111 sticky paper sheets were located on the
test pad in the form of a rectangular array from 80'W to 40'E and from 30'N

to 190'N. It is noted that the test sample or ground zero was located at 114'S
20'W with reference to the instrumentation ccordinate system. The passive
instrumentation layout beyond the test pad was similar to the distribution of
Tests 9 and 10.

TEST RESULTS

Surface Deposition

The fallout particulate were only sparsely distributed throughout the entire
sticky paper array. Figure 4.31 indicates the particle densities observed for

ranges of 30' to 90' North, and the corresponding data for range of 240' to
3000'North are shown in Figure 4.32.
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Jacob's Ladder Data

An overview of the Jacob's Ladder particle density distribution is presented in
Figure 4.33 indicating the relative variations over the entire ladder network.
The lowest densities were consistently along the upper third of the ladder array
whereas the highest densities were distributed along the bottom third of the
ladder. This behavior appears somewhat anomalous since ordinarily it might be
anticipated that higher densities would have occurred at higher elevations with
progressively decreasing values as the lower elevations were reached. This

type of distribution may possibly be attributable to the influence of ground
surface effects.

Figure 4.34 indicates the respective density distributions for singles, multi-
ples and clumps and the relative occurrence of each type for the one-third
segments of the Jicob's Ladder. It is noted that single fibers consistently
predominate the particulate distributions irrespective of ladder locatioen,

The relative frequency of occurrence for length intervals in the range of 1 to
10 mm is plotted in Figure 4.35. The average length is 2.79 mm.

Strip Particulate

A post-test survey indicated that a large number of strip-type particulate of
the nature shown in Figure 4.36 had been deposited to ranges extending out to
6000 ft principally in the northeast quadrant. A sweep brigade consisting of
test personnel was initiated for the purpose of locating and collecting the
strips foir detailed study.- Jerrain conditions limited the sweep reqion to with-
in 6000 ft range. Personnel within the brigade were spaced about 50 ft apart
with efforts made to cover intermediate areas. The initial sweep yielded about
90 percent of the total number. Secondary and tertiary sweeps added about 7
percent and 3 percent respectively.

Strip deposition 'ocations are plotted in Figure 4,37, with relative azimuths
shown in Figure 4.38. Afteroa range of 2000 ft tnere appeared to be a conver-
gence in direction. toward 10°E.

Figure 4.39 indicates the length distribution as a function of range. Although
there were occasional strip lengths of about 50", a major porticn were
essentially about 20" in length. Principal dimensions of the spoilers were
52" length and 21" width,

A correlation between strip length and strip width is plotted in Figure 4.40.
No singular predominance of width is apparent with values ranring almost
equaliy from about 0.25" to 1". The strip thickness distri. -ion with range
is shown in Figure 4,41. Single ply thickness for the spoiler composite was
137 microns, with overall thicknesses ranging from 2 to 8 ply.

It appears therefore that the strips originaied as delaminations of the com-
posite during the early phases of the pool fire caused by depolymerization of
the resin across interstitial planes between plys. Resultant weakening of the
compcsite strength permitted loosening of the respective plys and upward pro-
jection caused by the strong updraft of the pool fire.
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Figure 4.33. Spoiler Test 11 - Jacob's Ladder Particle Density Distribution
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Occurrence frequency as a function of paramter interval is plotted in Figure
4.42 for the length, width and thickness distributions. It was quite

surprising to note that the peak in the thickness distribution was in the neigh-
borhood of 190 microns corresponding to 1.5 ply. Some contributions to this

domain most probably came from the 2 ply composite layers over about one half
of the lower spoiler surface.

Figure 4.43 presents a 3D plot of the strip deposition range dependence in terms
of relative contributions by the various length and width intervals.

Mass Estimates

A mass balance analysis is presented in Figure 4.44, The representative mass
distribution for a spoiler was recommended by R. A. Pride of NASA Langley.
The initial composite mass for the test samples was estimated as 8.3 1b, with
fiber mass constituting 70 percent or 5.8 1b.

A total of 4.8 1b represented the post-test cumulative mass of composite debris.
Resin content tests of debris samples indicated an average of about 15 percent
resin by weight. The net cumulative fiber weight was therefore 4.1 1b result-
ing in a differential mass of 1.7 1b, or 30 percent of the initial fiber mass.

Spolier Test 12

The instrumentation layout for Test 12 was similar to Test 11. Sticky paper
data indicated low particle depositions somewhat similar to Test 11. The
particle density distribution over the Jacob's Ladder network is shown in Figure
4.45. There is no apparent density gradient in this case as had been observed
for Test 11. It is noted that the tgtan number of particles intercepted by the

Jacob's Ladder area was about 1.3x107, a factor of 4 greater than estimated for
Test 11.

In Figure 4.46 the variation of particle densities for singles, multiples,
clumps and lint are compared in relation to rows 1 to 6, 7 to 12 and 13 to 18
of the Jacob's Ladder. In general, the singles constitute about 80 percent of
the particles consistently over the network similar to the situation for
Test 11.

COCKPIT TEST
INSTRUMENTATION LAYOUT

The total passive instrumentation array for Test 13 was similar to the layouts
for Tests 11 and 12,

TEST RESULTS
Surface Deposition

Data reduction of the sticky paper records indicated that a substantial number
of 1int particulate had been deposited over the test pad area. Figure 4.47
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indicates the lint distribution as observed on the records. The average density
was apout 2.2 per square foot welding a total number of 19,200 over the 120'x
160' area of the sensor array.

The distribution of total particle densities from 30'N to 190'N is shown in

Figure 4.48. Data corresponding to ranges of 240'N to 3000'N are presented in
Figure 4.49.

Jacob's Ladder Data

A large distribution of 1int was also observed for the Jacob's Ladder records.
A photograph of several representative lint particulate is shown in Figure 4.50.
The lint particulate density distribution over the ladder network is presented
in Figure 4.51 indicating on the average that greater number were located near
the Tower elevations. The total number intercepting the entire Jacob's Ladder
was estimated as about 33,600. Plotted in Figure 4.52 are contours of the
relative occurrence of lint particles in relation to length interval and

length/width ratic. “he average length was found to be 8.37 mm and average
length/width ratio as .5.5.

Figure 4.53 indicates the distribution of tctal particle densities over the
Jacob's Ladder. A striking increase in density for decreasing elevation is
again noted similar to the results in the spoiler Test 11. The relative
densities for singles, multiples, clumps and lint are shown in Figure 4.54
with a comparison of relative occurrence as distributed over rows 1 to 6, 7 to
12 and 13 to 18 of the Jacob's Ladder. In contrast to the predominance of

singles for spoiler Tests 11 and 12, one finds that multiples and clumps guvern
about 60 to 70 percent of the distributions.

Relative occurrence in relation to length interval is plotted in Figure 4.55.
Average particle length is estimated as 2.71 mm. A comparison of pre-test

and post-test single fiber diameters is shown in Figure 4.56. The evidence of
oxidation effects is again noted.

Strip Particulate

A large dispersion of strip particulate was again observed similar to the
occurrence in spoiler Test 11, The principal deposition region was the north-
west quadrant. A sweep brigade operation was instituted similar to Test 11
with resulting data on deposition locations and strip dimensions.

A mapping of the strip deposition positions is shown in Figure 4.57 with the
corresponaing azimuth versus range p]ottsd in Figure 4.58. Beyond 2000 ft range
the dispersion pattern was bounded by 15 W to 30°W. Due to terrain limitations
at distant northwest ranges the survey was initiated at 4500 ft.

ligure 4.59 indicates the variation of strip length versus range, with
correlation of strip lengths and widths shown in Figure 4.60. As noted by the
sketch in Figure 4,60 principal dimensions of the cockpit sample .ere 61"
length, 49" width, and 25" height. The strip thickness distribution is plotted
in Figure 4,61 as a function of range. The cockpit composite consisted of 8
ply with single ply thickness of 140 microns.
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A comparison is shown in Figure 4.62 of the variation of strip number with
respective intervals of length, width and thickness. Approximately equal den-
sities occurred over the range of 4" to 64" in length and 0.25" to 1" in width.
With reference to the thickness distribution, however, about 75 percent of the
strips were in the thickness domain of 0.9 to 1.5 ply.

Figure 4.63 presents a 3D plot of the strip deposition number as a function of
range in relation to the contributions corresponding to the respective length
and width intervals.

Mass Estimates

A mass balance analysis is presented in Figure 4.64. The initial fiber mass
was estimated as 35.7 1b. Post-test cumulative mass of the composite debris
from various sources was estimated as 10.0 1b. Resin content tests of debris
samples indicated an average resin content of about 15 percent by weight. The
net fiber mass of the post-test debris was therefore 8.5 1b, leaving a
differential fiber mass of 27.2 1b to be accounted for.

COMPARATIVE EVALUATION

Comparisons of particle length distributions as functions of length interval
are presented in Figures 4.65 and 4.66. In general the family of contours are
quite similar for all of the tests.

A comparison of single fiber pre-test and post-test diameters is shown in
Figure 4.67 for plate Test 3, barrel Test 8, spoiler Test 11 and cockpit Test
13. Oxidation effects were not very apparent for the plate sample, whereas
significant reduction in average diameter occurred for the barrel, spoiler and
cockpit samples. This result may possibly be attributed to the relatively few
ply of the latter materials whereby heating effects would cause the resin to
disappear early and permit oxidation of the exposed fibers.

A comparative tabulation of average particle lengths and average single fiber
diameters is presented in Figure 4¢68. The average lengths are quite compar-
able ranging from about 2 to 3 mm. The post-test diameters for thé barrel,
spoiler and cockpit samples averaged about 70 percent of the respective initial
diameter.

Particle density characteristics and the relative contributions of the various
types of particulate corresponding to the Jacob's Ladder data of spoiler Tests
11 and 12 and cockpit Test 13 are compared in Figure 4.69. The spoiler test
data manifests a strong predominance of singles whereas multiples and clumps
combined contribute the major fraction of particles toward the cockpit test
data. With reference to the strong density increase with decreasing elevation
shown by the Test 11 and Test 13 plots, the Test 12 data reflects a relatively

uniform density distribution over the ladder network as noted in Figures 4.33,
4.45 and 4 53.

Figure 4.70 presents a comparative plot of strip dimensions for the spoiler Test
11 and cockpit Test 13. With reference to the length comparison, about 63
percent of the strip lengths for Test 11 were in the interval of 12" to 24"
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whereas no singular predominance was observed for Test 13. The width distribu-
tions for the two tests are quite comparable with relatively small differences.
Examination of the thickness distributions indicates that relative to similar
single ply dimensions the Test 11 data reflects & predominance in the interval
from Oé9dto 1.2 ply thickness as compared to 1.2 %2 1.5 ply thickness for the
Test 13 data.

Comparison of particle number and mass corresponding to the sticky paper data
for the various tests is shown in Figure 4.71. With reference to the particle
number data relatively good agreement is observed within the set of chamber test
data from Tests 1, 2 and 3, and within the set of field test data from Tests 4,
5, 6, 11 and 13. The difference between the two sets of data is a higher occur-
rance for larger particle lengths in the field tests. In conjunction with the
mass data goo. agreement again occurs within the chamber test data of Tests 1,

2 and 3. However, the field test data manifect large variations in specific
values for the length interval spectrum between the set for Tests 4, 5 and 6 and
that of Tests 11 and 12. Reasonable agreement is observed within plate test
data for Tests 4, 5 and 6 with enhanced values for the higher length intervals
as compared to the plate test data of Tests 1, 2 and 3.

Figure 4.72 presents a comparison of deposition mass relative to initial mass

for the plate, barrel, spoiler and cockpit tests for particle lengths of 1 to

20 mm. For plate lest 3 the mass deposition data indicated capture of a total

of 19% of the initial composite mass for all particulate. For this high capture
efficiency, only 0.01% of the initial composite mass was observed as single fiber
mass. Similar results were obtained for plate Test 5 of 12% total mass and 0.008%
single fiber mass, respectively.

LABORATORY ANALYSES

Laboratory studies of pre-test and post-test samples were performed in an effort
to explore material properties which may have contributed toward generation of
the particular particle characteristics observed during the respective burn and
explode tests. Determination of resin content was made by means of an acid di-
gestion procedure. Thermal properties were investigated by oven tests and thermal
gravimetric analyses (TGA). The TGA equipment consisted of a Dupont No. 990
Termai Analyzer coupled with a Dupont No. 951 Thermogravimetric Analyzer Attach-
ment.

Composite materials consisted fo the following:

Sample Composite

Plate T300/NARMCO 5208
Barrel AS/APCO 2434
Spoiler T300/NARMCO 5209
Cockpit T300/NARMCO 5208
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Resin content tests indicated approximately 30% resin by weight for the plate,
spoiler and cockpit pre-test samples. However, for the case of the barrel
sample of Test 8, the resin content was found to be 50%. In add§tion. the
composite density for the barrel was found to be only 1.09 gm/cm” indicating a
void ratio of about 30%. Normally void ratios are in the range of 1 to 2%.
Discussions with R. Shuford of the Army Material and Mechanics Research Center
indicated that two types of barrels had been supplied for the NWC tests, with
Type A subjected to the hot propane burn and explode of Test 8 and Type B
utilized in the JP-5 pool fire events of Tests 9 and 10. The two barrel types
had been manufactured by different processes at different times. For the case
of Type A Shuford indicated that a larger void ratio than normally might be
anticipated such as perhaps 10 to 15%.

Oven and TGA tests were conducted in the temperature ranges compatible with test
conditions. The thermal history of the plate sample of Test 6 is shown by the
solid curves in Figure 4.73. Thermocouple measurements were made at depths of
1/76", 1/8" and 3/16" of the 1/4" sample. The contours in Figure 4.73 indi-
cated a sharp rise in temperature within a period of about 1 minute at all
levels with a more gradual increasing rate for the subsequent 19 minutes of the
burn phase.

The dashed curves of Figure 4-83 were the result of a 1D analytical model
assuming a heat source of 2200°F being applied to the front surface of a i/4"
plate with insulated back surface. Tge thermal conductivity of the T380/5208
plate was assumed to be 10 BTU/HR/FT/ F, specific heat as 38.8 BTU/LB/ F and
density as 1.57 gm/cc. The poor agreement between the two sets of contours in
Figure 4.73 indicates that the 1D model is ineffective in describing the therm-
al history adequately.

The edge effects appear to be important from the standpoint of heat being prop-
agated along the fibers and interstitial resin layers in the exposed lateral
surfaces. Attention was therefore focussed on oven and TGA tests to gain some
insight ir.o mass loss characteristics of the various composite samples, the
requirement being that high temperatures be introduced rapidly to simulate

the environments of the samples during the field tests. ’

Figure 4.74 shows the nature of the temperature distribution within a JP-5 jet
fuel fire. Thermocouple data during the spoiler Test 11 plotted in Figure
4.75 indicate that the thermal rise times are very short with peak tempera-
tures commensurate with the pool fire temperatures estimated at an elevation
of about 6 ft corresponding to the test sample location.

TEST RESULTS
Oven Tests

A thermocouple record obtained during an oven test of a plate sample is sh8wn
in Figure 4.76, The sample size was 0.2" cube and oven temperature of 960°F.
An effort was made to insert the sample and close the oven door rapidly in
order to minamize the drup in temperature and time period to reestablish the
original 960°F.
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A slight increase in termperature occurred at the early stages due to an
exoshermic reaction during depolymerization of the resin. A level of about
980°F was sustained for a number of minutes until spontaneous ignition of the

T300 fiber 8ccurred at about 11 minutes with an associated increase in temper-
ature of 80°F.

Other tests were performed at the same oven temperature but terminated at
different time periods both less than and greater ‘than the ignition time t _.
Samples were weighed before and after each test. Corresponding mass loss Bata
indicated an S-shaped pattern with gradual loss rate prior to t_, a rapid

increase for a short period following to and then a return to a more gradual
rate.

TGA Tests

Figure 4.77 illustrates the thermal history and time history of mass loss from a
TGA test of a plate sample of 0.08" cube dimensions. The usual Brocedurs for
TGA tests is to increase the temperature at a rate of perhaps 10°F to 20°F per
minute up to the required peak value. Time periods of the order of gn hour
would be involved in reaching temperatures of interest of about 1000°F. This
long duration of the heating process would not be a reasonable simulation of
the field test burn environment.

The TGA procedure was therefore modified ir order to offer a better simulation
of the field test conditions. The TGA equipment consists of a hollow cylin-
drical oven heated by a series of coils and an independent glass bulb within
which the sample is placed in a small platinum boat, with a thermocouple being
located inside the brat in close proximity to but not in contact with the sample.
A thermostatic cut-off control regulates the oven temperature to the designated
settings.

Normally the sample is placed in the boat, the mass balance set at 100%, the
bulb inserted into the oven and then the heating process initiated. This pro-
cedure was modified such that the oven was first heated to the required temper-
ature and then the bulb inserted into the oven chamber. As a result the temp-
erature rose to the required levels in time periods of only about 1-'to 1.5
minutes as seen from the thsrmal history record in Figure 4.77 where the peak
temperature setting was 960°F.

In Figure 4.77 a mass loss of 20% occurs quite rapidly due to depolymerization
of the resin. At about 12 minutes a sudden increase in temperature occurs
coupled with a large increase in mass loss rate. This effect is similar to the
oven test data and reflects spontaneous ignition of the T300 fiber.

TGA tests were performed for pre-test samples of the various composite materials,
namely plate, barrel, spoiler and cockpit. In addition the test samples also
included individual T-300 fibers. Test durations in all cases were 20 minutes
with TGA pre-heat values progressively increased for subsequent tests until the
mass 10ss reached 80%. Results of these tests are shown in Figure 4.78,
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Two significant aspects of the data are that the spoiler (T300/5209) curve
corresponds to temperatures lower than the barrel (AS/2434) curve rather than

in close proximity to the plate (T7300/5208) and cockpit (T300/5208) curves. TGA
tests of cured 5208 and 5209 resin samples indicated similar mass loss charac-
teristics as 2 function of pre-heat temperatures.

Based on the data of Figure 4.78 it would appear to a first order extent that
the spoiler composite may have been AS/3501 which was one of the fiber/resin
systems used in spoiler manufacture. At the suggestion of R. Pride of NASA
Langley it appeared advisable to check the spoiler data by TGA tests on another
independent spoiler sample supplied by NASA and specified as T300/5209. Com-
parison of the two sets of spoiler data is shown in Figure 4 79 in addition to
sets of similar TGA data for four plate samples from different sources. There
is excellent agreement among the respective sets of data for the plate and spoiler
samples. One explanation for the anomaly between the spoiler and plate curves
of Figure 4.78 is not readily apparent unless the bands of response for various
T300 and AS composites woula normally overlap. Another possible explanation is
that catalytic effects by the depolymerization products of the 5209 resin may
lower the oxidation temperatures of T-300 fibers more than azhieved by the 5208
resin in the cockpit and plate samples.

The secondofeature of Figure 4.78 that commands attention is the difference of
200 to 300°F between the curves for T300 fiber and T300 composite. It appears
that some type of catalytic effect takes place for the composite and that
depolymerization of the resin causes oxidation of the T300 fiber at lower
temperatures. Reaction residues on the surface of the fiber may lower the
activation energy levels. ,

A representative TGA thermal hgstory for individual T300 fibers corrresponding to
a pre-heat temperature of 1254°F is shown in Figure 4.80, together with a
family of time history contours for various pre-heat temperatures. It is of
interest to note that for the entire se* of TGA records for the T300 fibers
there was no evidence of spontaneous ignition at any stage as had occurred
with the T300 composite in the oven test (Figure 4.76) and TGA test (Figure
4.77). It appears therefore that the catalytic effects caused by depolymer-
ization of the resin may also influence the probability of spontaneous ignition
and therby increase the corresponding mass loss due to a fire environment.

Oxidation Rate

An effort was made to determine the oxidation rate and time history for indi-
vidual T300 fibers in order to establish a potential frame of reference toward
evaluation of the differential mass loss estimates for the various field tests.

The mass loss rate per unit area is given by the Arrhenius equation, namely:
-aH
c RT
e
72

mass loss rate

surface area

A
A
where f
A
T = temperature (°K)

]
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AH
R
c

activation energy
universal gas constant
constant coefficient

with m, as the initial mass and AO the initial surface araa.
Based on the data of Figure 4..0, a plot is shown in Figure 4.81 of 1In ﬂ/A VS
1/T. The family of straight lines ccrresponding to m/m_ values of 0.60, 0.70
and 0.85 indicate uniform slopes. By meuns of the slop8 the activation energy
AH was determined to be 31.0 kcal/mole. The oxidation rate equation is then:

R 7.10 x 100 _ -aH

— = e_
A T1/2 RT

Integration of the Arrhenius equation yielded the curve presented in Figure 4.82
for the total oxidation time for single T-300 fibers. Single fibers exposed to
1400°F would be completely oxidized in abcut 1C minutes with oxidation time for
1600°F baing about 3 minutes.

In view of the field test conditions regarding temperature environments and burn
times it appears quite readily that considerable mass loss could have occurred
on occasions when single .fibers were exposed following depolymerization of the
resin. A consideration of this nature would warrant attention in mass balance
evaluations associated with the field tests.

FIBER OXIDATION

One of the most important results of this study is the finding that substantial
quantities of carbon from burning composites can be oxidized. Attention was
focused on two major aspects of fiber oxidation, namely, experimental evidence
of reduction in single fiber diameter and theoretical verification of the pos-
sibility of significant mass ioss over short time periods due to the high fire
temperatures and associated fiber oxidation rates. ’

As noted from the comparison of single fiber pre-test and post-test diameters
shown in Figure 4.67, only small diameter reductions were noted for the plate
tests whereas relatively large reductions were observed for the barrel, spoiler
and cockpit tests. This variation may possibly be attributable principally to
the thickness of the plates (0.25 inches) as compared to the thin skins (tens of
mils) of the barrel, spoiler and cockpit samples. Other contributing factors
most probably were differences in burn phenomena associated with hot propane
flames vs large jet fuel fires, as well as response characteristics of different
combinations of fibers and resins for the respective composites as noted from
Figure 4.78.

In consideration of mass balance between fiber release and deposition data it is

recognized that the degree of fiber oxidation would be of major consequence to-
ward resolution of differential magnitudes. A question of interest investigated
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du:~ing the course of the study was whether 1 significant mass loss can occur
over short pericds of time. For the spectrum of temperatures associated with
a JP-5 jet fuel fire as skown in Figure 4.74, it appears that T-300 fibers of
the thin spoiler and cockpit structural materials with few composite ply could
have beer completely oxidized during the short duration of several minutes of

the corresponding JP-5 fires as indicated by the analytical results of Figure
4.82.

It is of interest to note that escaning single fibers of reduced diameter will
have lower settling velocities and therefore may be propagated to greater dis-
tances. In addition, the degree of penetrabiriity of ventilation filters will
a2ffectively be greater for smaller diameter fibers.

The occurrance of single fiber diameters in the 1 to 2 micron domain as shown
by the data of Figure 4.67 indicates that attention need be focused on the ques-
tion of potential health hazards.

SUMMARY AND CONCLUSIONS

A brief summary of the principal highlights and conclusions associated with the
passive instrumentation data reduction and analysis is presented as follows:

e Singular particulate characteristics for the respective test
samples were: :
o Plate - Clumps
e Barrel - Singles and Clusters
e Spoiler - Singles and Strips
e Cockpit - Lint and Strips

e Particle length distributions were quite similar f- all tests
with reference to relative occurrence as a function of length
interval, with average lengths generally ranging from 2 to 3 mm.

e Effects of fiber oxidation are manifested by reduction of post-
test single fiber diameters as compared to pre-test values,

e Single fiber mass as collected or accounted for by deposition wus
generally less than 0.1% of initial composite mass for all tests.

o Uncertainties exist regarding the degree to which fiber clouds may
have been lofted bevond the arcas of passive instrumentation, par-
ticularly relative to single fibers which would have been more sus-
ceptible due to characteristic low mass and slow fall velocities.
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Close agreement between particle distributions for plate Tests

3 and 5 indicates that CTS chamber test offered a good simula-
tion of the NWC field test and that the particle deposition for
Test 5 most probably occurred principally within the bounds of
the passive instrumentation array due to favorable meteorological
conditions.

Mass deposition data for plate Tests 3 and 5 indicated a total
capture of 10 to 20 percent of the initial composite mass for
all particulate in the length interval of 1 to 20 mm, whereas
the single fiber mass cerresponding to this high capture ef-
ficiency was only about 0.008 to 0.01 percent.

Single fiber mass data from NSWC chamber tests appear to be
greater than TRW results from Tests 3 and 5 by a factor of about
100 for similar plate samples and burn times.

Jacob's Ladder data for Tests 11 and 13 indicating increasing
particle densities with decreasing elevations may possibly be
attributable to ground surface effects.

Strip thickness domains for Tests 11 and 13 were predominately
in the range of 1 to 2 ply.

Catalytic effects due to resin depolymerization cause reductions
in oxidation initiation temperatures of T-300 fibers.

Thin structural materials with few composite ply would be sus-
ceptible in JP-5 fires to evolution of strip-type particulate and
mass loss due to fiber oxidation, with the possibility that signi-
ficant mass loss can occur over short time periods because of the
existence of temperatures considerably in excess of the oxidation
initiation temperatures and the associated fiber oxidation rates.
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5. ACTIVE INSTRUMENTATION: DATA REDUCTION AND ANALYSIS

The 1978 field testing program at the Naval Weapons Center (NWC) China Lake,
California was required to sample the fiber cloud dispersed over a wide area.
In conjunction with the passive instrumentation techniques used to determine
deposition over a very wide area, a relatively large number of active instru-
ments designed to measure the instantaneous fiber concentration and mass flux
were deployed. One group of these instruments, described in Section 6, was
designed to detect the overall cloud characteristics from afar by photographic
and infrared imaging techniques. The second group of instruments, described in
" this section, was designed to detect at selected points fibers essentially "in
vivo". The second group included LED, high voltage ball and microwave detector
systems. These three detactor systems were confined to positions near the
ground and should be relatable to the deposition as seen by the passive instru-
ments on the grourd below. Each of the major three detector systems deployed
were mounted on wooden stands approximately 5 ft from the actual ground.

The three detector systems were selected and developed for the program so that
the very wide range of fiber concentrations and fiber lengths expected might be
covered. The light emitting diode (LED) system, developed by TRW and deployed
in quantities of 20-22, was the most sensitive device used and could be uti-
lized to the farthest distances from the generation source. It also, by its
nature, could detect down to fiber lengths less than 1 mm lTong. Since it oper-
ates by simple light obscuration, it is incapable of differentiation between
carbon fibers and other kinds of non-conducting fibers, and for the complicated
fiber distribution expected for field tests does not lend itself easily to
measuring the length spectrum. This length distribution has been done for some
data records by the use of (1) passive collector adjacent to the LED and (2)
statistics relationships.

The ball gage system, originally invented at USABRL, Aberdeen, Md., and devel-
oped for field use by TRW is somewhat less sensitive than the LED system and
was generally deployed closer in to the sample burns. It, however, has the
ability to measure the fiber length through the pulse height of any event
impinging on the high voltage ball, at least down to the noise threshold. This
threshold was set for measuring greater than 3-4 mm fiber lengths for the tests
in the NWC series. The complicated instrumentatior employed for this detector
did not allow for a large number of systems to be operated. Of the 10 systems
employed only six were operable generally in the mode where both fiber concen-
tration and fiber length could be obtained. The four remaining detectors ob-
tained on loan from BRL were attached to a device only capable of measuring the
concentration. For reasons discerned later this form of readout proved not to
be very useful.

The microwave gage system, developed at TRW, operated on the principle of the
absorption of microwave energy by fibers between a transmit horn ard receive
horn spaced about four in. apart. This system was designed in be sensitive
where the other two gage systems would saturate. It naturally measured mass
flux and concentration and was deployed the closest to the sample burns.
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Because of this insensitivity for many of the tests the data returns were very
sparse for this system.

Classified as active instrumentation, as well, are those devices which were
utilized to determine the flame and ‘<t sample parameters (e.g. flame velocity,
flame temperature, sample temrerature; duriny the test. Data from the thermo-
coupies are presented in this section as is the data obtained from a flame
veiocimeter developed during the program. During the course of the test series
several other detector systems were deployed under a development effort. Data
from these systems is briefly presented where it appears to provide useful data

on the phenomena.

5-2

The data reduction is presented in the categories of test samples burned and/or
explodad:

flat plate
barrel
spoiler
cockpit

Within each of these categories, there are discussions of each separate test.
Thus, under the flat plate category four tests are described (Test Nos. 4, 5,
6 and 7). Within each test the data is reported according to instrument type.
Under each test the sequence of instrument types is:

thermocouple

LED detector

high voltage ball detector
microwave detector

other detectors

The data is presented in this section with no description of the aetectors and
limited reference to the data trends. Section 6 discusses the photographic
and meteorological data. It is in Section 7 that the comparison between the
active and passive data is made. In Section 8 the data trends are identified
and discussed.

FLAT PLATE TESTS AT NWC

Three tests were performed in the regular test series using 1 ft x 1 ft x 1/4 in.
(30 cm x 30 cm x 6.3 mm) carbon composite flat plates. For each test the

samples were first subjected to a propane burn which extended over the entire
sample area. The burn was typically 20 minutes. After burning, explosive

squibs were emplaced and exploded.

The active gages detected the concentration histories of the carbon fiber cloud
during the passage of the fiber cloud. After passage of the cloud some of the
fibers deposited on the ground. Winds then re-lofted some of the grounded fi-
bers to form a new fiber cloud of much lower concentration than the initial
cloud. The active gages also detected the re-suspended carbon fibers.



In general there was very little detected during the burning of test samples
over the small burner. MHigh fiber densities were the result of large scale
fires. Any blast impingement induced even higher fiber cloud densities.

The format of the data display is based upon describing the fiber cloud by

o number concentration history, Cn(t)
0 mass concentration history, Cm(t)

o mass flux history, M(t)
A

The LED and ball detectors record number of fibers passing within their respec-
tive sampling volume per unit time, N(t) , while the microwave detector mea-
sures Cy for a uniform fiber cloud and measures M/A for clumps of fibers.
These formulas are valid for a fiber cloud where all fibers are of the same
length, 1.
It is necessary for the LED and ball detector systems to convert Rj(t) for

fibers of average length, T; to the three required histories. This is achieved
by use of the following relationships:

cn(t) = _N_LQ.__

A-Y

; N(t)m
Cplt) = —ﬁF%T__

%(t) = (t)U

where
A - cross-sectional area of the sampling volume
normal to the wind direction
U - wind velocity
m - mass of a single fiber of length, 1, equals
ugm
0.54 (cm ) x 1 (cm).

When the fiber cloud is composed of different lengths, it is necessary to ob-
tain data for the siza2 distribution

N = ?N-i(Ti)

which can be obtained from the pulse heights of the active instruments or from
passive collectors.
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When a detector such as the ball gage is only sensitive to fibers greater than
3-4 mm in length, and the fiber cloud contains mostly fibers less than 2-3 mm
in length, special considerations must be given to the original concept of
“concentration". When there are very few fibers, existing in a short interval
of time, the measured values of N are not based on statistically meaningful
rumbers. More important, it is difficult to specify the time interval between
counts which is relevant to a concept of cloud concentration. It is like
dealing with a few closely associated fibers moving together in a large room,
where the close-in concentration is high and room-wise the concentration is low.

TEST NO. 4

The first test at NWC took place on the morning of January 24, 1978. For this
test, the propane was burned for 20 minutes before emplacing explosives and ex-
ploding.

Thermocouple Data

The burner was a 1 x 1 ft (30 x 30 cm) venturi-suction and propane/air burner
developed and calibrated at TRW. Three chromel-alumel thermocouples were im-
bedded 1/8 in. (3.2 mm) deep into the carbon fiber composite plate at three
locations, as shown in Figure 5.1. An additional thermocouple of tungsten-
rhenium was positioned 1/2 in. (1.3 cm) below the composite plate center to
measure the center flame temperature. The measurements are presented in

Figure 5.1 and show a maximum flame temperature (uncorrected for radiation loss)
of about 1950°F (1065°C) and a plate temperature of about 660°F (349°C).

These temperature histories are relevant to selting the criteria for the thermal
gravimecric analysis (TGA) tests to be performed in laboratory ovens. It is
apparent that the 500-600°F (260°C-316°C) tc —eratures in the mid-plane of the
plate are established within one minute.

Gage Layout

The detector positioning is shown in Figure 5.2. As mentioned before all were
mounted on 5 ft (1.5 m) wooden stands. These stands had provisions for covering
the detectors against the weather except when a test was in progress. As shown
all of the detectors were clustered downwind within 50 ft (15.2 m) of ground
zero with the microwave gages closest, ball gages somewhat further out inter-
spersed with LED detectors out to 50 ft (15.2 m). The top of the figure is the
north direction with the desired wind direction from the south.

After the burn, the burner was removed and replaced with a singie charge ex-
plosive positioned 1 ft (30 cm) below the now partially delaminated sample.
Detonation occurred at 12:47 pm PST. Ground zero was at the center of the
50 x 50 ft (12.7 x 12.7 m) concrete pad.

The explosive squibs were activated for this test with no warning to the
magnetic tape recorder operator so that all the optical tape recordings started
a couple of seconds after the explosion. Counting backwards from the twelve
minute mark it was determined where zero time would be within an uncertainty
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of about one second.

LED Gages

The proximity of most of the LED gages to the explosion and their mounting on
the wooden platforms caused all of the gages to go into violent oscillations
and the gage systems saturated immediately after the explosion. Those oscilla-
tions decayed with time. When the gage systems came out of saturatioi;, the
fiber cloud had passed. Hence no useful data was obtained on the LED gages.
Subsequent tests were performed at significantly greater gage distances and

all stands were weighted down more securely.

Ball Gages

For this test the 6 ball gages built at TRW were situated at distances from
20 to 40 ft (6.1 to 12.2 m) from ground zera.

The ball gage measures number rate of fiber impacts as a function of history.
The conversion of number rate to number concentration is through a calibration
constant that is dependent upon the length of the carbon fiber and very weakly
dependent upon wind velocity.

The mass concentration is obtained by multiplying the number concentration by
mass per single fiber. This can be further related to the product of the
mass per unit length (0.54 ygm/cm) and the length of a single fiber.

The mass flux is the product of mass concentration and wind velocity normal to
the measurement area. This is a measure of mass transport that can be compared
to the microwave and LED gages. Figure 5.3 displays the results for the ball
gage, presented in terms of mass flux. As shown in the figure, events were
recorded on only three of the gages, indicating a narrow plume passing (in
agreament with meteorology measurements) somewhat to the east of the center-
line. Using the time of receipt of first data a plume ve10c1ty at the five-
foot (1.5 m) level o6f 5.9 fps (1.8 mps) is indicated roughly in agreement with
the recorded wind velocity.

The fiber length distributions as determined from pulse heights at the three
locations are shown in Figure 5.4. The indicated particle distribution for

early time 0-10 sec data for all three gages for which events were recorded

appears to have a hole in it in the 8-11 mm length region, much as observed

at previous CTS tests. The dashei lines indicate the threshold below which

lengths are not observable. At the further locations the spectrum suggests

that most of the fibers may 1ie below the 4 mm threshold.

Observation of sticky paper in the vicinity of the gages indicates a preponder-
ance of clumps over long singles, clumps which appear to be rather tightly
bound - Teading to the conjecture that the particle distribution above 10 mm

is primarily due to clumps acting as single counts. Loosely bound clumps are
generally separated by the induced fields from the ball and appear as many
closely spaced individual pulses on the gage output. These were not observed.
Some data shown in Figure 5.5 was returned by the ball gages duri-g the
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20 minute burn period. The data is presented both as concentration data
averaged over a 0 sec interval and mass flux data using the conve 5i.n just
discussed. It can be seen that fiber release from the plate has begun as early
as 220 sec in’ the burn.

Microwave Gages

The microwave gages were placed in pairs at 10 ft, 17.5 “t and 25 ft (3 m,

5.3 m and 7.6 m) downwind from ground zero. As shown in Figure 5.6 each of the
gages intercepted some of the material in the time interval from 1 see through
7 sec after the blast. The charts show mass flux in ugm/cm2 sec versus time
after the explosion. The total mass and deposition recorded by each gage is

given in the table. Note that the greatest deposition is recorded by Gage No.6,
amounting to 1220 ugm/cml.

TEST NO. 5

The second test at NWC took place February 1, 1978, As before & 1 ft x 1 ft x
1/4 in. (30 cm x 30 cm x 6.3 mm) flat ~late was burned in a prop:ne/air fire
for 20 minutes at the center of the cuncrete pad starting at 8:41 am PST and
then the plate subjected to an explosion at 9:57 am PST. For this test the
burner was adjusted in height and pressure for a much hiiter burn.

Thermocouple Data

The thermocouple measurements ‘are displayed in Figure 5.7. As observed during
the first 6 minutes, the material was engulfed in flame as the binder was
burning. This flame subsided and flared at times as new resin was exposed
during layer separation. Material stc-~ted flaking off after & minutes, and
this continued until the end of the turn. After 8 minutes most of the layers
of compaosite had separated. As shown in the figure the bulk of the plate
reached a much hotter temperature than in the first test. The edges rcached
over 900°F (482°C) over a prolonged period while the center reached aimost to
1100°F (593°C). Flame temperature data was not recorded.

Gage Layout

" r this test, in keepina with *he indications from the previous test of signi-
. .cant transport to even peyond the 200 ft (61 m) range, all of the gage
systems, as shown in Figure 5.8, were dispersed to further ranges. Three
additional ball gage systems were added which were connected to a multi-channel
analyzer capable of measuring simultaneously the pulse count from each of the
three gages. This system however was unable to record at the same time the
pulse height data for these gages. As before, .he most sensitive system, the
LED systen was placaed down range the furthest with the ball gages somewhat
closer and the microwave gages the closest in. As can be seen in the figure
the ranges were overlapped to provide a comparison between gaging systems.

LED Gages

The data obtained from the LED systems for times after the explosion is
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presented in Figure 5.9. The front of the fiber cloud arrived at the 75, 100,
200 and 300 ft(22.9, 30.5, 61 and 91 m)ranges with a time delay associated with
the mean wind velocity. The waveforms o1 the mass flux history are each
aperiodic with small duration spikes and lon7ter duration nulls. This wave-
form is typical of a meandering plume and/or a discontinuous cloud. This
condition of an irregular cloud envelope also explains the different cloud
arrival times for active instruments at similar ranges. The mean mass flux
amplitude at 75 ft (22.9 m) is about 5 ugms cm-2sec™!, while at four times

the Eange the mass tiux is attenuated by a fac*or of sixteen to 0.3ugm cm~
sec™'. This corresponds to the "inverse-distance-squared” concentration
attenuation predicted by the Pasquill-Gifford plume formula.

The arrival times of the wavefronts yield about a 5.5 fps (1.7 mps) wind. At
200 ft (61 m) range, the 22 sec duration fiber cloud from the exploded plate

indicates 121 ft (36.9 m)length for the cloud extent at the ground level.

The LED systems showed higher amplitude mass fluxes for shorter durations on

the east side of the test pad at the 75 and 100 ft (22.9 and 30.5 m) ranges,

as compared to the west side of the test pad.

Ball Gages

The ball gage results, presented in Figure 5.10, are a good deal more sparse
than the LED results. According to the passive sensors which collected fibers
deposited in the gage vicinities, the average length was significantly less
than the 4 mm threshold of the ball gage, which would explain the difference.
Actually only the events from the two westerly gages can probably be considered
as ceeing plume passage. Those gages east of the plume appear to have first
events some time after initial plume passage indicating cross-wind transport

at a considerably reduced velocity.

Microwave Gages

The microwave gage results for this test are presented in Figure 5.11. Again
the data is quite sparse. The short duration of the fiber cloud and the large
empty space between fiber clusters at close-in ranges permi -he approximately
3 in. (7.6 cm) diameter by 5 in. (12.7 cm) long gap of the -Owave measure-
ment volume to sample only a few fiber clumps in spite of the iigh mass flux,
Gage 1, located at 50 ft (15 m) measures 6.5 times the fiber mass measured by
Gage 5, located at 150 ft (45.7 m). This relation appears to almost follow
the mass deposition dependence on the inverse of the square of the distance
from the source.

Active Gage Summary

The data from the three gage systems have been combined and are summarized in
Figure 5.12 which consists of three interrelated subcharts. The composite
chart in the upper left hand corner shows the time at which a fiber arrives at
a given gage type »nd gage number (LED gages 1-7, TRW ball gages 1 and 2, BRL
ball gages 1A and 2A, and microwave gages 1-5) at the respective stations. The
time of the arrival of the first fiber at eachk range shows a propagation or
wind velocity of 6.9 fps (2.1 mps). The LED yielded the most data.
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This chart does not indicate the concentration amplitudes.

The display of concentration amplitudes translates the previous chart into the
chart in the upper right hand corner. Note that the duration of the cloud
decreases with increasing range, which could be attributed tc either cloud
rise above the ground level measurement systems or to severe deposition that
depletes the fibers in the cloud. Also the heavy concentration of fibers dis-
appears at increased range which is to be expected because of areal dispersion
and deposition.

The integrated mass flux from each type of gage (M = Microwave, L = LED and

B = Ball) and from each station is displayed in a composite summary chart in

a three-dimensional plot. Even though each gage type used a different physics
principle, they were all smoothly consistent in their measurements.

TEST NO. 6

The third plate test was with the same 1 ft x 1 ft x 1/4 in. (30 cm x 30 cm x
6.3 mm) composite plate. A high temperature propane/air burn for 20 minutes
as in the previous test was performed. Date and time of the burn were
February 15, 1978 at 3:41 pm PST. The explosion was postponed until February
16, 1978 at 7:59 am PST.

Thermocouple Data

The plate was instrumented for temperature measurement somewhat differently
to determine a temperature profile through the plate. The three plate
temperature thermocouples were of chromel-alumel construction imbedded at
1/16 in. (0.16 cm) below the upper surface, 1/8 in. (0.32 cm) below the upper
surface and 3/16 in. (0.48 cm) below the upper surface. This is shown in
Figure 5.13.

Flame temperature was measured with a tungsten-rhenium thermocouple located
1/2 in. (1.27 cm) below the composite plate center. As shown in the figure
the flame temperature had reached 2310°F (1265°C) at the time (2.5 minutes)
that the thermocouple broke. The lower section of the plate reached a
tempergture of 1100°F (533°C), while the upper section only reached 700°F
(371°C).

Gage Layout

The gages weie positioned for the test, as shown in Figure 5.14, much as before
except one ball gage at the 75 ft {23 m) range had been removed for tests at
Rome Air Develooment Center. An attempt was made at the ball gage locations
using vu-graph frames covered with bridal veil and sprayed with glue to direct-
ly relate passive deposition to the ball gage data.

LED Gages

The results from the LED gage systems for this test are presented in Figure
5.15. Of the twenty systems in operation only the three most westerly

5-20
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returned a significant amount of data, indicating that the fiber c¢loud moved
in a north westerly direction away from the LED systems,

From the time of arrival of the showers on the three gages, a 3.4 fps
(1.5 mps) plume velocity at the 5 ft (1.5 m) height was computed, in gcod
agreement with the meteorological data of 3.2 fps (1.4 mps).

Ball Gages

The ball gage data is presented in Figure 5.16 along with some of the results
from co-positioned "bridal veil vu-graphs". As shown only the most westerly
station returned any flux data. Data retrieved from the bridal veil plates
indicated that the ground part of the plume and fallout passed distinctly

west of the centerline. The greater part of the fallout was noted only on

the horizontally-oriented plates at (75, -20), (150, -20), and (200, -45).

The vertically-oriented plates, even at these locations, collected roughly
one-tenth as much as the horizontal plates! For the above three positions,
the horizontal c011ect§on was respectively 66 clumps/mé, 570 single fiber/mé
and 395 single fiber/m¢. For the latter two plates which recorded the single
fibers, the effective fall velocity should be somewhere between still air at

1 cm/sec and the recorded wind velocitg at 2.9 fps_(0.9 mps), say 0.5 fps
(0.15 mps), giving exposures of 4 x 103 _and 3 x 103 fiber-sec/m3, respectively.
Since one count is equivalent to 2 x 103 fiber-sec/m3, there should have been
between zero and two counts on each ball gage detector before the pluie passed
(assuming the deposits to be added to the bridal veil during plume passage).
The large discrepancy between vertically and horizontally oriented vu-graph
data is ascribed to a lack of stickiness on the glue preparation used for this

test. A glue of more permanent stickiness was subsequently utilized for Test
No. 8 vu-graphs.

Further study of the optical recording indicated a number of pulses at very
late times on the gages (18-25 minutes after explode), probably due to
personnel in the area (see Figure 5.18). It can be expected that some of the
deposited particles on the bridal vei’s were due to late time activities and
not indicative of plume passage and primary fallout. The bridal veil at
several gage locations had a large enough count to give a length spectrum.
These are shown in the figure. ’

Assuming a fiber weight of 5.4 x 10-7 gm/cm, the particle count including
length measurement on each bridal veil were translated to mass deposition.
This is shown for both horizontally and vertically oriented plates superim-
posed on a location plot, Figure 5.17. It can be seen again that by far the
preponderance of material was deposited west of center, probably centered
beyond the maximum location of the sensors.

The tape records were analyzed ou. to very late times for this experiment and
many events noted. Plume passage, also shown on a previous plot, occurs at
about 30 sec on conly one detector at 75 ft (22.9 m). The plots showing
Figure 5.18 illustrate the ability of fibers, once deposited, to easily re-
entrain and cause significantly larger exposures near the ground than would
be expected from direct deposition from the plume. The small amount of event
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data precludes strong conclusions from being drawn on the length distribution
data; howe er, it appears that re-entrainment favors shorter lengths.

Microwave Gages

No microwave data were obtained for this test.

NWC BARREL TESTING

Three tests were pe-.ormed in the <eries using samples of cut up carbon compos-
ite barrels. The tirst of these tests used a hot propane burn followed by an
explosion. The secoi.’ in the series used a 20 x 20 ft (6.1 x 6.1 m), JP-5

pool burn under the barrel sections. For this test none of the active gage
systems were deployed other than the thermocouples. The third test involved
another pool burn and an explode phase after burning. Again no active gage
systems were deployed.

For the first test in this series, where the active gages were deployed, the
transport and fiber distribution results were markedly different from those
obtained before with the flat plates.

TEST NO. 8

Test No. 8 utilized a much larger quantity of initial material than in previous
tests (9.2 kg versus 0.9 kg). In order to fully subject the barrel to a hiot

20 minute propane bturn, the barrel was cut up into 12 sections, two of which
couid be burned at a time. The burns took place on March 6 and 7, 1978. At
the completion of each burn the residuals were carefully collected and weighed.
It was noted during the burns that a significant amount of material was re-
leased to the atmosphere inspite of screens imposed to prevent it from doing
so. The major losses however appeared tc be complete burning away of the

epoxy and apparently burning of the fiber itself. The residuals from the

six burns were collected and placed 1 ft (30 cm) above a shaped charge at
ground zerc on the concrete pad. The explosion was initiated at 7:57 am PST
on March 8, 1978. )

Thermocouple Data
No thermocouples were emplaces for these burns.
Gage Layout

The placement of gage systems was much as it had been bec‘ore, as shown in
Figure 5.19, except the microwave systems at 150 ft (46 m) were moved to

100 ft (30 m) range and the k311 systems at 150 ft (46 m) range were re-
positioned somewhat. One of the microwave systems was inoperative due to an
oscillator failure. For this test, vu-graph bridal veil sz2nsors were again
positioned i.: prrmity to each ball gage, vertically and hcrizontally
orianted, using «manently sticky clue on the bridal veil.
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A LADAR system was set up for this test which sampled on a horizontal line
about 5 ft (1.5 m) off the ground at about the 205 ft (62 m) range from the
west edge of the pad to the center of the pad. At this point a mirror
directed the beam vertically, allowing sampling to occur for vertical ranges
at this point.

LED Gages

The LED systems results for this test are presented in Figure 5.20 in terms

of mass flux. The aperiodic characteristic of the mass flux history waveforms
generated by the flat plate explosions of Test No. 5 rereated itself in the
barrel explosion of Test No. 8. The burn and expliode of the barrel in Test
No. 8 resulted in a lower concentration and shorter duration fiber cloud at
ground level as compared to the flat plate Test No. 5.

Ball Gages

The ball gage results are presented in Figure 5.21 in terms of mass flux of
singles. Concentration data of single fibers taken by the ball gages was
translated to mass flux using a wind velocity of 5.7 fps (1.7 mps), a mass per
unit length of 0.54 ug/cm, and the length of each fiber counted, as determined
by its pulse height. Data taken vsirg the multichannel analyzer was considered
suspect becaus> of noise injection and is consequently not presented. Gage
T-6 at 200N, 45W, in operation, did not record any pulses. Threshold for
detection of a pulse is about 3 x 10-2 ug/cm2 sec. As before, the flux values
were significantly lower for the ball gages than for the LEDs, indicating a
preponderance of fibers with -lengths below the ball gage threshold. This is
confirmed by the vu-graph data analysis following.

Indicated average velocity for pulse passage at each st-tion is about 7.3 fps
(2.2 mps) at 75 ft (22.5m) and 6.7 fps (2 mps) at 20C ¢ (61 m). This
velocity is significantly greater than the wind velocity of 5.7 fps (1.7 mps),
indicating transport by some additional mechanism, most probably by the force
of the explosion.

A pulse was received 5n one detector significantly before pulse passage, indi-
cating the possibility that some fibers deposited during burn had been re-
entrained and transported.

Bridal veil vu-graph results indicate that by far the greatest mass tr.nsport
is by the large clumps which are not included in this presentation and for
which no pulse trains were noted by the ball gage records.

The ball gage presents an opportunity to monitor the near ground level down-
range transport (gagas TRW-3 and TRW-5) and the crossrange transport (gages
TRW-5 and TRW-4) of fibers. This is presented in Figure 5.22, where it is
shown crudely that the downrange transport, dominated by the mean wind speed,
moved the 3-7 mm long fibers faster than the longer 7-15 mm long fibers. The
crossrange transport, dominated by the turbulent portion of the wind speed,
moved the 3-7 mm long fibers slower than the longer 7-15 mm long fibers. The
preferential selection of fiber lengths by laminar and turbulent transport is
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an important concept to be considered for modeling.

To provide a field calibration of the ball gage systems, vu-graph shields
covered with bridal veil were positioned vertically (V) and horizontally ~ °
as shown in Figure 5.23 at each ball gage location. Because the bal? guy- S
somewhat capable of modifying the local corcentration during the attraction
and during the repulsion phase, it is possible that the horizontally placed
vu-graph data could be affected. To che~k this possibility at several
locations, "boxes" of vu-graphs were constructed and mounted as shown well
away from any potential interaction effects with the ball gage fields. Data
obtained rrom these vu-graphs, both horizontal and vertical agrced with that
obtained from tne V and H positions. The data show that the spectral
composition for horizontally and vertically collected samples is roughly the
same, as it should be. However, the ratio of counts in the 1 and 20 mm length
range for vert.cal to horizontal orientation varied significantly with
location. If tiransport is entirely wind driven, than the ratio of vertical to
horizontal deposition should be the same as the ratio of wind velocity normal
to the vertical vu-graph (5.6 fps[1.7 mps]) is to the fall velocity (1 cm/sec).
This ratio is 70, very close to the highest ratio observed at 200N, 5E, and
200N, 36E.

A1l of the fou~ locations with East coordinates fall within the footprint
obtained by ground level passive data acquisition. These are also the ones
with significantly higher horizontal as well as vertical deposition.

Ball gage data taken at 750N, 30W (well out of the passive footprint area)
shows that the deposition on the vu-graphs must be late time, well after any
pulse passage, and because of the low V/H ratio, borne by winds with a sub-
stantial vertical component which must be using fibers already deposited
within the footprint area as source.

The absolute length distribution obtained from vertically oriented vu-graphs
in close proximity to ball gages is compared in Figure 5.24 to the absolute
length distribution obtained from ball gages at the same locations. Only
those lccations with an adequate number of ball gage events are compared. The
ball gage data has been transvormed to deposition by multiplying concentration
data at each length increment by the wind velocity 5.7 fps (1.7 mps). The
resolution and noise level of the ball gage precludes observation of fiber
lengths urder about 3 mm for this %est., It can be seen that most of the
deposition data lies at lengths shorter than this. The vu-graph data is
subject to the filtering action of the approximately (.9 mm spacing of the
mesh. rhe sparse ball gage data does not disagree with the bridal veil
deposition except possibly at the TRW-5 position where, however, both plots
indicate a shift in mean length to a longer length,

Table 5.1 presents the final results of the field calibration check of ball
gages taken during this test. In preparing this table the vertical orientation
vu-graph bridal veil data taken at each ball gage site is transformed to
exposure using a wind velocity of 5.7 (1.7 mps) and compared to the exposure
results from each gige. For all gage units which used pulse stretching
followed by magnetic tape/optical recorder readout, the agreement was well
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within the statistics of the number of ball gage events recorded. In contrast,
both gages operated into the multichannel analyzer did not agree with the
deposition data within the statistics of the counting, almost certainly due

to the inability to be able to reject noise pulses.

From other passive data it appears that TRW 3, 4, and AN-2 were almost on the
centerline of the passive plume footprint, with TRW 5 well within its bound-
aries, This is confirmed by the bridal veil vu-graph and ball gage data.

Microwave Gages

The fiber cloud missed all btut one microwave station in the barrel burn/explode
test. At this 50-ft (15.2 m) station, 370 ugin/cm2 was recorded for the time-
integrated mass flux for this barrel test. The results are presented in

Figure 5.25. The narrowness of the fiber footprint indicated by no data on

the remaining 4 gages is verified by the scicky paper data at the two

locations and the LED and ball gage results at the 100 ft and 75 ft (30.5 and
22.9 m) locations.

LADAR Results

As mentioned before, the LADAR system was in full operation for Test No. 8,
sampling along a horizontal line and a vertical line. The data obtained

is presented in Figure 5 26. Only relative intensity information is given,
since calibrations of fiber cloud density and/or smoke contemination capability
had not been completed.

At 28 sec after detonation of the burned barrel debris, the fiber cloud appears
to be composed of three separate clouds. The Towest cloud is about 30 ft

(9.1 m) up, the middle level clcud is about 60 ft (18.2 m) up, and the hi st
cloud is 80 ft (24 m) up; the middle level fiber cloud is the most denc .

At 84 sec, there appear to be only two clouds, one at a 10-ft (3 m) and the
other at a 30-ft (9.1 m) altitude. This shows that the 21-ft (6.4 m) high
tuna can poles and 30-ft (9.1 m) high millipcre filter poles are not sampling
the complete cloud. However, a 90-ft 27 m) high sampler system would be
adequate at the 300-ft (91 m) range for sampling the entire explode plume.

The horizontal portion of the cloud is displayed at 185 sec after detonation.
The cloud appears to be separate puffs stacked both in the vertical and
horizontal di-ections.

Active Gage Summary

The active gage data, not including the LADAR, is summarized in Figure 5.27,
The composite chart in the upper left corner shows the time at wnich fibers

arrived at the different active gige systems at the respective ranges. The

time of arrival of fibers at gage; at each range which are in line with each
other show a wind velocity of 6.25 fps (1.9 mps). The durat.on time of the

main data acquisition activity was apprcximately 10 sec.

Mass flux levels as a function of time and distance are summarized in the
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upper right hand corner. Note that the cloud density out to 200 ft (61 m)
is almost constant, after which it rapidly decreases.

The integrated peak mass flux is displayed in the lower chart of each gage
system (LED, Ball and Microwave) as a function of range and cross range.
Again, consistency of results is shown between gage systems. There is a
discrepancy at the 75 ft (22.9 m) ball gage location, however, which can be
accounted for. Since most of the fibers at that location were less than 4 mm
long, the ball gage did not record them. Hence, a lower mass flux resulted.
Note that the peak levels drop off_as a function of range from 350 ugms/cm</
sec at 50 ft (15.2 m) to 3 ugms/cme/sec at 300 ft (91 m).

With regard to the LADAR data, the LADAR system sees the cloud in agreement
with the other data, for its location at 205 ft (62.5 m) range; however,

no data is returned at the 5-ft (1.5 m) elevation along the horizontal path,
only at 20 ft (6.1 m) above the ground. This can perhaps be explained by the
position of the LADAR beam which was behind a 4-1/2 ft (1.4 m) bridal veil
fence at the 200 ft (61 m) range. This might also have caused the wind to

sweep upward at this distance insuring no data return below about 10 ft (3 m)
vertical height.

TEST NO. 9

For Test No. 9 a half barrel was positioned 6 ft (1.8 m) above a 20 x 20 ft
(6.1 x 6.1 m) JP-5 pool fire centered at ground zero on the concrete pad. The
test, in two phases, took place over a period from 11:26 am PST March 23, 1978
to 1:42 pm PST that day. In the first burn for 3 minutes burn time the wind
velocity was high, causing the pool fire to be tilted toward the downstream;
consequently the half-barrel missed the main fire plume. The burn was re-
peated for a 6-minute burn later in the day. The barrel was repositioned 5 ft
(1.5 m) north of the pool center and only 4.5 ft (1.4 m) above the fire.

Thermocouple Data
Chromel-alumel thefﬁocouples were mounted as follows for both tests:

#1 Thermocouple: Located at the center of the half barrel.

#2 Thermocouple: Located on the upper side of the barrel.
Results of the measurements are presented in Figures 5.28 and 5.29. As ex-
pected, the second burn produced a much hotter temperature in the barrel for
a much longer period of time.
Active Gage Summary

For this test (as noted before) no active gages were utilized.
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TEST NO. 10

Test No. 10 consisted of a 5 minute pool burn of another half barrel and the
residues from the first burn, followed by an explosion of the lot. For this
test no temperature data was taken and no active gages utilized.

AIRCRAFT SPOILER TESTING AT NWC

Two tests were performed with aircraft spoilers using a nominal 40 x 60 ft
(12.2 x 18.3 m) JP-5 pool fire with three spoilers located 7 ft (2.1 m) above
the fire bed to simulate their probable location during an actual airr ~ft
fire. The first was a 4 minute burn, the second a 7 minute slow burn the
debris from the first burn plus an explosion roughly 2 minutes into tnc burn.
A1l active yage systems were in operation for both tests. In addition,
several new instruments were fielded.

TEST NO. 11 - SPOILER BURN

For the initial burn test of the three spoilers thermocouples were installed
to measure flame temperature. The three spoilers, burned in the JP-5 fire,
were located 7 ft (2.1 m) above the fire bed to simulate their probable
location during an actual aircraft fire. The fire bed was a 40 x 60 ft
(12.2 x 18.3 m) rectangular pool in which enough JP-5 fuel to burn four
minutes was floated on a water base. The burn was started at 10:45 am PDT
on May 3, 1978 and completed about 10:49 am.

Thermocouple Data

Thermocoupies were installed to measure flame temperature just below the
sample (TC-1), in the bottom skin of the spoiler (TC-5), in the air space
between the upper and lower spoiler surfaces (TC-3), in the upper surface
skin (TC-2) and above the spoilers (TC-4). TC-2 and TC-4 malfunctioned
during the test. However, some data was obtained from TC-4.

Temperature returns are shown in Figure 5.30. For this large a pool the JP-5
fuel was ignited by adding a small amount of gasoline to its top which spread
the fire faster. Even so it can be seen that temperatur:ss start to rise in
the vicinity of the spoilers only after a half a minute into the burn. The
maximum temperature of about 2180°F (1193°C) is reached only by the lower
side of the spoiler and is above 2000°F (1093°C) for a little less than two
minutes.

Gage Layout

The active gage layout for Test No. 11 is shown in Figure 5.31. Spoiler
samples were Tocated on a steel framework somewhat north of the pool center to
account for the wind direction. This location was 114 ft (34.7 w) south and
20 ft (6.1 m) west of the origiral ground zero on the concrete pad. The

gages were shifted so that there would be equal coverage on either side of the
new north-south centerline. To better measure the expected fiber fallout the
microwave gages were shifted from the 100 ft (30.5 m) to the 75ft (22.9 m)
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position (range 189 ft [57.6]), the LED gages at 75 ft (22.9 m) were shifted
to the 150 ‘ft (45.7) position (range 264 ft [80.5m]) and ball gages were

?oved fggm the 75 ft (22.9 m) to the 100 ft (30.5 m) position ?214 ft range
65.2 mj).

As described in Section 4, a large "Jacob's ladder" filled partially with vu-
graph bridal veil sensors was positioned for these tests just south of the
200 ft (61 m)(range 314 ft [95.7 m]) line. It can be expected that the wind
velocities and particle flux north of this location were somewhat compromised
by this sensor so that active data flux/concentration obtained at 314 ft
{95.7 m) range might be expected to be low by perhaps 20%.

The layout for Test No. 12 was the same as for Test No. 11.

LED Gages

The LED sensor layout for this test is presented in Figure 5.32, which gives

a summary of the data display presented in the following figures. In terms

of counts most of the release appears to occur at about 100 seconds into the
burn - regardless of position. From temperature data, the spoiler material
does not reach high temperatures until about one minute into the burn. Lofting
velocities in this fie are very high (up to 38 fps [11.6 mps]) as indicated

by the flame velocimeter (data following); hence material can be dispersed

into the plume over the entire active sensor field in a few seconds, from
where it can rain out upon a large area.

Figure 5.33 presents the LED data reduced to mass exposure as a function of
range. Peak exposure at each of the stations is shown for times of 80, 100,
140 and 350 sec. The cross range position scale is given in terms of the
original ground zero reference and, in parenthesis, the centerline of the
JP-5 pocl fire,

As shown the exposure levels at the end of the burn are approximately the same
over the area covered by the measurements, even though there was a wide
variation during the early burn times. This peak is below 104 fiber sec/m3.
Note, at early times, (80 sec), only 414 ft (126 m) and 314 ft (95.7 m)
stations had any exposure. Further data reduction of some of the detector
positions along the footprint gave length distributions versus time and mass
flux versus time., These data are plotted in Figure 5.34. The position
coordinates for the individual plcts are given in terms of the original pad
ground zero which is 20 ft (6 m) east of the actual fire north-south line.

As indicated by these plots, fiber data was obtained in spurts with initial
data arriving at the far stations (N 200 and N 300) before arriving at the
close-in stations. The time of arrival of data correlates with the wind
direction data which is shown later. The simultaneous arrival of data at all
ranges in the time period of 100 to 120 sec suggests a rain out of fibers from
the fire plume at ranges up to 400 ft (121.9 m).

The particle distribution plots show that for the close-in station (N 100),
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the fibers are greater than 3 mm long over the entire recording time. At the
second station (N 150) a fuill range of particles were observed. At the N 200
and N 300 stations the fiber lengths become primarily 1 to 3 mm long.

Ball Gages

Ball gage results are presented in Figure 5.35 for all gages operating into
the pulse-stietcher recorder chain. As before, concentration measurements
have been translated into mass flux using a wind velocity of 10 fps (3 mps),

a mass per unit length of 0.54 ugm/cm, and the length of each fiber counted,
as determined by its pulse height. The threshold below which pulses could not
be detected is about 3 mm length corresponding to about 9 x 10-2 ug/cm¢ sec.
The data returned by the ball gages were extremely sparse, indicating small
mass fallout of fibers above 3 mm in length in the near field region out to
200 ft (61 m). The first recorded event occ ‘red 122 sec after burn began,
somewhat later than indicated by the LED detectors.

Microwave Gages

No data was returned by the microwave systems because of the low mass concen-
trations occurring.

Active Gage Summary

Figure 5.,6 summarizes the active gage results for this first large pool JP-5
burn. The particle arrival time chart in the upner left hand corner is con-
siderably different from that obtained in Tests 4 and 8. As seen the far out
gages (414 ft and 314 ft {126 m and 95.7 m]) recorded data earlier than the
close-in gages. Also shown is that there are two time periods when data was
recorded. Both of these phenomena are caused by the wind shifting in direction
during the burn.

The mass flux levels as a function of time and range :ummarized in the chart

in the upper right hand corner is also difrerent tha, those obtained in

Tests 4 and 8. Two periods of h*jh mass flux density corresponding to the

data acquisition activity shown in the chart to the left were recorded instead
of one. Also the duration times for high density cloud remains almost constant
over the measurement range. :

The peak mass flux at each range taken for the time period 75-125 sec after
start of the burn as shown in the lower chert is again different from those
obtaired in Tests 3 and 8. The peak levels are almost constant over the entire
range and do not drop off. The mass flux envelope shape does not fall off ei-
ther side of the maximum at each range like it did for the previous tests. The
wind variance and burn duration are the probable reasons for these differences.

Flame Velocimeter

A flame velocimeter developed at TRW during the NWC test series was used for
the first time to scan the Test No. 11 fire. The results are shown in Figure
5.37. The velocity of 38 fps (11.6 mps) observed near the center of the fire.
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can be compared to the 35 fps (10.7 mps) predicted by computer calculations for
a 30 ft (9.1 m) diameter pool. If adjustment is made for the difference in
pool fire size by Froude number scaling, the measured and predicte! vertical
velocities still remain in agreement.

It can be seen that as expected the vertical gas velocity reduces in value from
center to edge. The 11 fps (3.4 mps) vertical value noted at the edge of the
pool can be compared with the 10 fps (3.05 mps) horizontal wind velocity out-
side the fire plume region during most of the burn.

TEST NO. 12 - SPOILER BURN AND EXPLODE

The debris from the previous spoiler burn was collected and positioned on a
grid over the 40 x 60 ft (1..2 x 18.3 m) pool. As before, JP-5 was used and
some gasoline added to hasten ignition of the JP-5. After two false starts,
ignition was finally achieved at 12:34 pm PDT on May 4, 1978. However, most
of the gasoline had evaporated by this time so that it took a long time for
the JP-5 to completely ignite. The scheduled 4 minute burn was actually
completed at 12:41 pm PDT. A shaped charge one foot below the debris was
exploded 2-1/2 minutes into the burn at 12:36 pm PDT.

Thermocouple Data

Because of the nature of the debris it was impracticable to attach thermo-
couples. Flame temperature was not measured either, although it is expected
that much the same temperatures would be reached as in the previous test.

Gage Layout
The active gage configuration was the same as in Test No. 11 (see Figure 5.31).

LED Gages

Figure 5.38 presents the total particle count histories of all LED systems at
the 100, 200 and 300 ft (30.5, 61 and 91 m) down range pad positions (Add 114
ft [34.7 m] for range). As indicated, there was a continuous shower over the
active gage locations. The difference in arrival times of data activity at
each range indicates a wind < - ed of 7.7 fps (2.3 mps), which is in good
agreement with wind speed data obtained directly. This is in marked contrast
to Test Mo. 11 where there appeared to be a rain out of fibers concurrently at
all ranges. The relationship between count rate and concentration is also
shown in Figure 5.38. Particle count data for selected downrange and cross
range LED systems are displayed in Figure 5.39. Each location is given in
terms of the original pad coordinates. The time scale is begun at start of

the burn, and the time of the explosion is indicated with a dashed line. An
envelope of the data is presented,in contrast to the individual particle counts
shown in Figure 5.38. Only a small amount of material appears to be detected
after the explosion, most particularly at the closest position of 100 ft

(30.5 m), (214 f* range [65.2m]). This is most certainly due to an unfortunate
shift in the wind direction from southerly to 80° west of south about the time
of the explosion, continuing in this direction for about two minutes before
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returning for another 2.7 minutes to a southerly direction.

Ball Gages

Extremely sparse data was returned by the ball gages for this test, indicating
Yow concentrations and mass flux in the gaging area above 3 mm lengths. No
events were recorded on any of the ball gages during the 146 sec of burn pre-
ceding the explosion. This is in sharp contrast to the LED data returns,
strongly indicating that the great preponderance of release, transport and
deposition, at least prior to the explosion, was fibers with lengths shorter
than 3 mm.

Even after the explosion, the data returned by the ball gages was sparse as
indicated in Figure 5.40 and, as noted in the length distribution obtained,
strongly indicated the most probable lengths to be less than the 3 mm
threshold of the ball gage systems.

Microwave Gages

Again, probably because of the low concentrations as observed on ball gages,
no data were returned on the microwave gage systems.

LC Deposition Gage

A new gaging system under development at TRW during the test series was

fielded for this test. The gage was positioned 70 ft (21 m) north of the
explosion point about one foot off of the ground. It was provided with a piece
of sticky paper, as used in the passive detectors for each test. The results
for this "LC deposition gage" are presented in Figure 5.41. Receipt of the
first fiber is indicated about 6-1/2 sec after the explosion, followed at

10 sec by several larger sized pulses. No pulses were noted at later times.
Only three fiber clusters are noted on the sticky paper. The horizontally
oriented deposition plate is 230 cm2 in area.

The record shows four clusters were received and only three remain on the
surface. It is probable that one bit of carbon fiber material landed and
then re-entrained into the air because of an inability to stick to the
sticky paper.

AIRCRAFT COCKPIT TEST AT NWC

One test was performed at the NWC test site using an aircraft cockpit manu-
factured partially out of carbon composite material. As in the previous two
tests the cockpit was positioned above the 40 ft x 60 ft (12 m x 18 m) nominal
pool filled with JP-5 over water with a bit of gasoline added to hasten
ignition.

A1l active gage systems were in operation and were located as in the previous

two tests, see Figure 5.31, The "Jacob's ladder", containing many passive
vu-graph bridal veil sensors, was positioned as in the previous two tests,
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probably compromising the data at the nominal 200 ft (60 m), (414 ft [126 m]
range), positions by perhaps 20%.

TEST NO. 13 - COCKPIT BURN

The burn, progr--med to be for 6 minutes, was begun at 11:45 am PDT on May 5,
1978 and ended at approximately 11:51 am PDT.

Thermocouple Data

Thermocouples were installed at four locations on the cockpit with a fifth
thermocouple directly under the cockpit to measure flame temperature. All were
of chromel-alumel construction. Table 5.2 gives the legend for the Thermocouple
positioning.

Table 5.2. Cockpit Test
Thermocouple Positions

Position

Thin End Bulkhead, OQutside
Cockpit Internal Seat

Thick End Bulkhead, Inside
Flame Temperature, Below
Thick End Bulkhead, Outside

=
T WMo~ O

The temperature returns are presented in Figure 5.42. TC-3 amplifier appeared
to be zeroed initially and was changed to the sensing mode about 1.6 minutes
into the burn. As noted by observers during the middle portion of the burn,

the wind and plume were directed to the west and seemed to partially miss the
cockpit. This is borne out by the abrupt drop and recovery in all temperatures
except on the high heat capacity bulkhead. During this portion, the flame
thermocouple exhibited high amplitude, high frequency, noise so that the
averaged data from it during this period is somewhat questionable. (Also the
flame temperature readings have not been corrected for radiation losses). As
noted by observers, the major portion of the cockpit fell into the fire at about
5-1/2 minutes into the burn. At this point the TC-3 abruptly returned to the
negative stop of the recorder channel and stayed there. A1l other TCs except
No. 5 returned rapidly to baseline indicating they were still attached and that
the cockpit in that area was probably in. or very near the wa r. TC-5 continued
at high temperature, slowly drifting down in temperature over the next 15
minutes. Presumably it remained attached and significantly above the water.
During the active portions of the burn the fire was extremely hot. The com-
posite reached a maximum temperature of over 2250°F (1232°C) and was typically
above 2000°F (1093°C) for 2-3 minutes. A1l parts of the composite were above
1350°F (732°C) for almost 5 minutes.
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Gage Layout

The active gage layout was the same as in Test No. 11(see Figure 5.31).

LED Gages

0f the twenty-onc LED systems deployed as shown on the site map, data was
recorded on nineteen gages. Tue other two gages were not operating during this
event (Fiaure 5.43 displays the results). Shown is the mass flux of three
gages at downrange pad coordinates of 100, 200, and 300 ft (30.5, 61 and 91 m)
at the cross range position of 10 west. These data are representative of the
other LED returns, As indicated by these plots, the mass flux is mostly in the
101 to 100 ugms/cm? sec regime. As before the souice center is 114 ft (34.7 m)
south of ground zero and 20 ft (6.1 m) west.

Fiber bundle size, the number of fibers detected, are shown for the same three
systems as indicated here. The larger bundles (greater than 80 fibers) are
mostly detected at the close in range location.

Particle count envelope data from three downrange LED systems is displayed in
Figure 5.44. The counts appear to be more evenly distributed in time at the
farther out stations. Data returns after the end of the burn (6 minutes)
indicate a random rainout of particles from the plume. The relationship between
count rate and concentration is also shown in this figure.

Cross range particle count envelope data from the LED systems at locations of -
100 ft (31 m) (214 ft range [65.2 m]) are presented in Figure 5.45. As plotted
it appears that the particle count is higher at the early times. The lack of
data from 200-350 sec time is due almost certainly to the wind shift mentioned
before. This shift, as seen at the cockpit, occurs from 2 to 4 minutes after
the burn is initiated.

Ball Gages

The mass flux as seen by the ball gages is plotted in Figure 5.46. Events
occur only on the gages located at the 314 ft (95.7 m) range on the time scale
of most interest. As with the LED detectors, no events are noted from 150 to
300 sec due to the wind shift.

For this test the tape records were followed out to rather late times. The
results are interesting and are presented in Figure 5.47, both as tiber
concentration and as mass flux.

After 12-14 minutes many events are noted. This is probably due for the most
part to the presence of personnel in the area cov~~ing all of the sticky paper
passive sensors, and indicates that a significant amount of material which has
deposited on the ground initially is capable of re-entrainment - causing a
s.gnificant added exposure. In fact the total exposure noted at lTate times is
about 3-4 times that noted during or directly from plume passages.
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Also displayed in the figure is the length distribution down to the 3 mm
threshold as a function of the time after initiation of the burn. Those
particles re-entrained from 20-30 minutes appear not to peak below the threshcld
but well into the 3 to 20 mm region.

Microwave Gages

No returns of significance were obtained from the microwave gage systems for
this test as in several previous tests.

5-70



6. PHOTOGRAPHIC AND METEOROL( GICAL INSTRUMENTATION:
DATA REDUCTION AND ANALYSIS

Several types of photography were employed at NWC- field tests to record the
plumes generated by the C-4 explosions and JP-5 fires. Visual movie cameras
were positioned upwind and crosswind from the test pad to permit several views
of the tests. Infrared (IR) thermovision was used to record IR images. The
visual data was used to develop the following information presented herein:

1) C-4 explosion puff growth profiles and puff growth histories, 2) typical
JP-5 fire plume profiles with grid overlays for smoke plume dimensions, fire
plume dimensions, fire plume heights and vertical speeds, smoke plume vertical
speeds, and JP-5 generated smoke puff rotational motion parameters. The IR
display was used to obtain the rise and fall of fragments of exploded material
and of flying debris generatza by the JP-5 fire. IR thermography images and
visua! photographs are displayed together V. - comparison of the different puff
growth histcries as seen at long and short wavelengths.

Near surface wind velocity measurements were taker at three ai.’erent heights
on the r:teorological (met) towers and summarized in this section. Ambient
tempetatu-e values at the three different heights are also quoted.

The dat1 reduction and analysis results presented herein have been grouped into
several categories corresponding to the energy source. These fall naturally
into the chronclogical order in which the tests were performed; in each category
the results are grouped according to a par*ticular test. The data is preceded

by a brief summary of the visual movie analysis methodology. The photography
data for each test is preceded by a summary of the near surface meteorological
conditions which apply to the plume generation and propagation.

VISUAL MOVIE ANALYSIS METHODOLOGY

Using known reference heights such as the met towers, telephone poles, and
local hill tops, photographic image to actual object sizes in the photographs
were established by geometric transtormation techniques. This approach was
used to establish actual dimensions of C-4 explosion puffs and JP-5 fire plumes.
Explosion puff dimensions could readily be obtained from photographs, because
the image to object transformation factor does not vary appreciably-across the
puff photograph. Overlay grids for photo images of the JP-5 fire plumes were
prepared to permit quick determination of the dimensions, since the image to
object transformation factor varies considerably across the plume photograph.
Typical photographs with grid overlays are deployed for Test No. 11 in its
respective subsection (Figures 6.30 to 6.35).

A typical sequence of steps leading to flame or smoke heights and vertical
speeds is shown in Figure 6.1, which applies directly to Test No. 11. The west
view establishes the leading edge angle, ©, for the plume as viewed from the
south. A plot of ©, as measured from the near west view (camera located 680 ft
[207 m] west of pool center), is shown as a function of time. This plot can

be divided into two regions with the following average values

6-1
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52° for T <60 sec or T > 210 sec
L 66° for 60 < T < 210 sec

These two values were used in preparing the grid overlays for the south views
presented in Figures 6.32 to 6.35.

6 =

PROPANE BURN/EXPLODE TESTS

The data in this subsection covers propane burns of carbon fiber composite flat
plates and barrels followed by a C-4 explosion of each burned sample. Since

the propane burn essentially melted away the epcxy binder of the carbon/graphite
composite material with little or no fiber release, the time period of interest

for carbon fiber release and propagation is after the start of the C-4 explosion.

Met and photography data is presented for this period.
TEST NO. 4

The near surface (20.5, 37.5 and 55.5 ft [6.2, 11.3 and 16.9 m] above the
ground) wind data is shown in Figure 6.2 for Test No. 4. Digitized wind speed
and direction data is presented for the three measurement heights as a func.ion
of time after explosion. Northeast meteorological tower results are displayed
because this tower is closest to the downstream region where material was
recovered. Average values for the entire ten minute period are also presented.
Average wind speeds varied from 5 to 6 fps (1.5 to 1.8 mps), while average

wind direction varied from 175° to 210° as measured from true north. Thus the
winds were predominantly southerly (blowing from south to north).

Ambient temperature was also measured and found to be 48°F (8.9°C). Specific
values as a function of height are as follows:

Table 6.1. Ambient.Temperature For Test No. 4

Height Above Temperature
" Ground (ft) (°F)
3 48.0
18 47.5
28 -—-
38 47.2

Figure 6.3 exhibits a sequence of superimposed time lapse tracings of project-
jons of selected frames imaged by the near south positioned Fastax camera that
utilized a telephoto lers. The Fastax cameras were operated at a nominal
"freeze-action" rate of 4000 frames per sec, and thus provided an excellent
impression of the dynamics of the developing explosion, the initial "jet pulse”,
which was unique to Test No. 4, and also of the more familiar smoke puff
initiation. Since the telephoto lens restricts the field of view to less than
24 ft (7.3 m) vertically, the rapidly decaying top of the "jet pulse" exits

from the field of view before~0.08 sec after the explosion, and the smoke puff

6-3
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Early Time "Jet Pulse" - Test No. 4

Figure 6.3.
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begins to exit shortly after ~ 0.1 sec. An image-to-object distance convers-
ion bar is shown. The “jet pulse" height and rise velocity histories plotted
in Figure 6.4 were computed from this camera film data.

The Test No. 4 cameras, particularly the telephoto Fastax camera, imaged a
narrow, extremely rapidly rising transient "jet pulse" rising through and above
the normal longer lasting explosion puff. This "jet pulse", possibly owing to
multiple reflections of the explosion shock front, exhibited detectable contrast
for less than 0.1 sec. Figure 6.4 exhibits the rise height and rise velocity
histories of this transient "jet pulse”.

The data displayed in Figure 6.5 were obtained from camera images using con-
ventional color film with a "wide angle lens" and situated approximately 550 ft
(168 m) west and 100 ft (30.5 m) north of ground zero. Camera images were of
relatively poor quality, with appreciably less than desirable puff to back-
ground contrast. In particular, the lTower portion of the puff became very
difficult to discern against the terrain hill background after approximately

5 sec of wind propagation. Thus the positions of the puff maxima, seen against
sky background, are more accurate than those of puff center.

TEST NO. §

The near surface wind data is shown in Figure 6.6 for Test No. 5. Only the
northeast met tower results are displayed, because southwest tower data did not
differ significantly from these values. Average wind speeds varied from 5 to

6 fps (1.5 to 1.8 mps), while average wind direction varied from 160° to 180°
as measured from true north. Thus the winds were predominantly southerly
(blowing from south to north).

Anbient temperature was aiso measured and found to be 49°F (9.4°C). Specific
values measured at several heights are:

Table 6.2. Ambient Temperature For Test No, 5

Height Above Temperature
_Ground (ft) (°F)
3 49.8
18 49.4
28 49.2
38 49.2

Figure 6.7 exhibits superimposed time lapse tracings of selected frames imaged
by one of the near south pesitioned Fastax Cine cameras, the one with the
relatively wider field of view. The other Fastax camera utilized a telephoto
lens to restrict its field of view to only a small fracticn of that shown
herein, and would be of interest primarily for a studv of the dynamics of the
explosion pulse flames. Both Fastax cameras operated at a nominal rate of
4000 frames per sec. In both, the puff contrast decays rapidly after approxi-
mately 0.5 sec (2000 frames) after the explosion. When played back at normal
24 or 16 frame per sec speeds, the telephoto camera film (not shown) exhibits
interesting details, in very exaggerated slow motion, of exploded fragments
flying about and changing aspect.
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Tracings of selected frames from the near south wide angle camera that used
standard color film are disp.3yed in Figure 6.8. Computed puff widths and puff
vertical dimensions are shown on the tracings. These plume dimensions are
subject to a systematic error within approximately + 10%, plus comparable
random errors ar151ng from plu.ie image contrast f]uc*uat1ons, etc. The random
errors tend to increase sharply as the smoke plume becomes dimmer with passing
time.

Figure 6.9 shows tracinygs of selected time-lapse frames from the near west wide
angle camera, located in a vicinity approximately 550 ft (168 m) west zad 100
ft (30.5 m) north of ground zero. The image to object space scale bar shown
represents an approximate average for the imaged smoke plume view area. The
true smoke cloud scale factor varies by approximately + 5%, This factor de-
pends upon both image space distance from the point Py shown, and upon the
direction cosines between displacements of interest and the corresponding
radius vector from P,.

The data plotted in Figure 6.10 were cbtained by applying calculated image-
to-object space dimensional transfer factors to the selected frames of the
"infrared extended color film" image profiles shown in Figure 6.9 {obtained
from the near west wide angle camera). The Cine images were of poor quality,
with relatively poor contrast between object space features and between the
wind propagated exonlosion piume and the background. The detectable plume
center position, and more particularly the plume dimensions, are dependent upon
visibility contrast as well as upon the space-time distribution of plume
particles and gases. Within approximately 10 to 12 seconds after the explosion,
the outer boundaries of the plume are detectable more from frame-to-frame
changes in contrast than-by static viewing. Beyond 15 sec, the entire plume

is quite ditruse and difficult to observe.

The thermovision 2-5 micron wavelength scanning camera shows the detonation
puff of the flat plate test to be higher and wider, and to be in greater
contrast than indicated by the visible 1ight movie camerz. These comparisons
are presented in Figure 6.11. Both types of cameras are looking at the same
fiber cloud ove: the same field of view. Beyond 10 sec after detonation, the
infrared system clearly shows more of the cloud than the visible light movie
camera; after 50 sec the infrared system still shows the fiber c]oud which can
no longer be seen in the visible light movies.

The cloud height and radius growth uistories for the explosive puff generated
by two ounces of explosives shattering a burned carbon fiber composite plate
are shown in Figure 6.12. Note how the IR sees twice the cloud width at later

times, as compared to visible 1ight movies, ind sees the cloud for periods six
times longer.

TEST NO. 6

The near surface wind data is presented in Figure 6.13 for Test No. 6 for the
northeast met tower. Average wind speeds were quite low, varying from 1 to 2
fps (0.3 to 0.6 mps), while avarage wind direction varied from 110° to 140° as
measured from true north. Thus tie winds blew predominantly from the southeast.
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Ambient temperature was also measured and found to be 40°F (4.4°C). The fol-
lowing table provides specific values as a function of height:

Table 6.3. Ambient Temperature For Test No. 6

Height Above Temperature
Ground (ft) (°F)
3 40.2
18 40.0
28 ---
38 39.9

Figure 6.14 exhibits a sequence of tracings of Polaroid camera stills of
selected images recorded by the video camera boresighted with the infrared
thermovision/thermograph equipment, which for Test No. 6 was situated 700 ft
(213 m) due west of ground zero. Sixty image fields per sec were recorded on
a video tape recorder for later evaluation. An image-distance to object-
distance scale bar is included. The sequence of tracings illustrate the smoke
puff growth and northward drift with the prevailing wind. It is seen that as
time progresses, the smoke puff tends to become more spherical.

The explosion puff history is presented in Figure 6.15 as reduced from pictorial
data depicted in Figure 6.14 for the boresighted near west camera. This video
data is superior to Cine camera data obtained from the camera that was situated
approximately 550 ft (168 m) west and 100 ft (30.5 m) north of ground zero, in
that detectable contrast persists for a longer time and extends to larger
detectable puff image dimensions. The extent of both temporal and spatial
detectable puff contrast, however, still is inferior to that obtained from the
IR thermovision thermographs with which the video camera was boresighted.

Figure 6.16 displays variation with time of the maximum height (Zm) and cor-
responding horizontal displacements of the puff profile for Test No. 6, as
observed by the video camera boresighted with the IR thermovision thermograph
instruments. The rise velocity of the explosion puff vertical maxima, (AZm/at),
is exhibited in Figure 6.17 as a function of time after explode. The puff
maximum height data was reduced from polaroid stills of the taped boresight
video camera data, as for preceding figures. The taped video images were
recorded at the rate of 60 interlaced "fields" (30 frames) per sec, thus
allowing the rapidly decelerating early time rise velocities to be determined
at short time intervals.

A comparison of visible photography and IR thermograph images for several con-
trast levels is presented in Figure 6.18. The photograph in the visible light
regime shows the combined clouds from the smoke generator and from the fiber
plume generated by the explosion of the flat plate. The two clouds cannot be
individually identified or outlined. The infrared image at the right of the
figure is set at even greater contrast to eliminate the lTower emissivity gases
and to maintain the higher emissivity fragments. This effect can be used to
track fragments when they are hidden by a plume background.
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Typical IR image results for Test No. 6 are depicted in Figure 6.19. At 1.06
sec after the explosion, the five fragments circled on this figure were tracked
with the IR thermovision. Note the entire frame was 8 ft (2.4 m) above ground
level and viewed in a field 56 ft (17 m) high by 51 ft (15.5 m) across. This
data could not be obtained from visible light movie cameras.

Height from ground lovel to the top of the puff and puff width histories are
plotted in Figure 6.20 from IR thermevision and visible images. The IR data
persisted out to 30 sec, while the visible data lasted only out to 10 sec
after explosion. Both height and width are greater for the IR data because of
better contrast than with the visible images.

TEST NO. 7

This test was conductea without a carbon composite sample to obtain photo-
graphic data just or the C-4 explosion. The resulting puff did not contain
carbon fibers. Data from Test No. 7 was not reduced as part of this data
reduction and analysis program; hence no data is presented here.

TEST NO. 8

The near surface wind data is shown in Figure 6.21 for Test No. 8. Average
values for the entire ten minute per.ué are also presented. Average wind
speeds varied from 5 to 6 fps (1.5 to 1.8 mps), while average wind direction
varied from 175° to 190° as measured from true north. Thus the winds were
predeminantly southerly.

Ambient temperature was found to be 51°F (10.6°C). Specific values for several
heights are as follows:

Table 6.4. Ambient Temperature For Test No. 8

Height Above Temperature
Ground (ft) (°F)

3 £1.7

18 51.2

28 ---

38 51.0

The plotted data in Figure 6.22 were obtained by applying calculated image to
object dimension transfer factors to selected fram~- of camera c¢olor film ob-
tained from a camera located approximately 490 ft .49 m) due south of ground
zero for Test No. 8. The usable background features were fewer than for Test
Ma 5, but gave a better correlation for the transfer factors. The plc ted
uata scatter, however, still indicates appreciable random error, part cf which
may result from the variations in background brightness which effect plume to
background contrast. The apparent relative maxima in plume vertical and lateral
dimension occurring around 20 sec after the explosion may be real, but also
may result, at least partially, from the difficulty in determining visibility
contours in very low contrast images.
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6-30

The data displayed in Figure 6.23 were obtained from selected frames of camera
color film obtained from the camera boresighted with the IR imaging system.
The cameras were located approximately 1930 ft (588 m) west and 210 ft (64 m)
north of ground zero. The images obtained from this boresight camera were of
much superior quality, showing more detail for appreciably longer duration,
than the corresponding poor contrast images obtained from the near west camera
located approximately 550 ft (168 m) west and 100 ft (30.5 m) north of ground
zero. Puff growth data from this near west camera are not shown since, where
reliable, they merely serve to confirm the superior boresight film data. As
would be expected the puff image dimensions, again where reliable for t < 15
sec after the explosion, generally are a few percent larger for the nearer ca-
mera which should be able to detect a more diffuse concentration of smoke
particles.

Comparison of the infrared puff pictograms with corresponding visible images
obtained from motion picture film, shown in Figure 6.24, lead to the conclusion
that both the spatial extent (height and width) and detectable contrast per-
sistance of the imaged smoke puff appear to be larger for the IR pictograms
than for the camera film images. The limited frame size and pr~blems with con-
trast against the terrain background hinder IR plume detection for a short in-
terval immediately after explosion.

The thermovision 2-5 micron IR scanning camera photographs in Figure 6.25 show
that the early detonation puff is composed of two components. It is conjectur-
ed that the top consists of combustion gases. It moves upward faster, sepa-
rates from the rest of the puff and gets dissipated earlier than the lower
particle cloud. It is conjectured that the lower cloud consists of carbon
fibers. The fiber cloud, being heavier, moves slower and persists longer i.e.
is trackable for a longer period of time. The vertical velocities of both
components are determined and are plotted as a function of time for 1-2 seconds
after the explosion.

MODERATE SIZE JP-5 FIRE TESTS

The data in this subsection covers Test Nos. 9 and 10, each used a 20 ft by

20 ft (6.1 m by 6.1 m) JP-5 pool fire located at ground zero on the test pad.
Infrared and visible image comparisons, and IR tracking of barrel debris and
hot fragments are presented for Test No. 10 here, because time did not permit
visible film data reduction for these early JP-5 tests. The following sub-
section eatitled "Large Size JP-5 Fire Tests" provides extensive film data for
the 4C ft by 60 ft (12 m by 18 m) JP-5 fire tests.

Comparison between the smoke images of the JP-5 fire for Test No. 10 obtained
using the IR scanning thermovision and visible 1ight motion picture cameras is
shown in Figure 6.26. IR images of the hot flying fragments obscured by smoke
in the visible 1ight pictures are produced by suppressing electronically the
colder smoke background. Due to a high setting of the IR camera sensitivity
control, the lower halves of the smoke images are saturated. The distortion
caused by saturation is accompanied by ringing which produced multiple images.

The hot flying debris of the burned half barrel in the Test No. 10 JP-5 fire
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Test No. 8

Puff Position and Configuration, Crosswind View -

Figure 6.23.
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and falling fragments are displayed in Figure 6.27 using the IR thermovision
2-5 micron wavelength scanning camera with a field of view 166 ft (50.6 m) high
and 153 ft (46.6 m) across. A single vertically falling fragment, indicated by
an arrow, was tracked for several seconds, and its average fall velocity and
fall velocity history within the observation time interval were determined.
This sequence of pictures was obtained approximately one minute after the start
of the fire. The hot fragments are visible only in the infrared and are
completely obscured by smoke in the corresponding visible 1ight motion picture
frames.

A hot fragment was tracked by the IR scanning thermovision camera, and its
average vertical and horizontal velocities were determined. This fragment was
located approximately 250 ft (76 m) above the ground and 320 ft (98 m) from

the fire pool 115 sec after the start of the fire. The corresponding frames of
the boresight visible 1ight motion picture in Figure 6.28 show no trace of this
fragment. Fragment position, as seen on the corresponding IR picture, is
marked by a circle on the visible photograph.

LARGE SIZE JP-5 FIRE TESTS

The large JP-5 fire test data are presented for Test Nos. 11, 12, and 13 in this
subsection. The 40 ft by 60 ft (12 m by 18 m) fire pool was located south of
ground zero just off the test pad. Met and photography data is displayed for
the time period after the start of the fire.

TEST NO. 11

The near surface wind data is shown in Figure 6.29 for Test No. 11 for the
northeast met tower, the only met tower in operation for the large JP-5 fire
tests. Average values for the entire ten minute period are also presented.
Average wind speeds vary from 9.5 to 11.5 fps (2.9 to 3.5 mps), while average
wind direction varied from 175° to 195° as measured from true north. Thus
the winds were predominantly southerly.

Ambient temperature was found to 75°F (24°C). The following table provides
specific values as a function of height:

Table 6.5, Ambient Temperature For Test No. 11

Height Above Temperature
Ground (ft) (°F)
3 75.3
18 74.4
28 74.3
33 74.2

Figure 6.30 shows continuous growth of the plume from Test Mo. 11 taken with
the far west camera. Cloud dimensions will be displayed in Figure 6.36. The
plume angle to the horizon varies with time. The leading edge angle, whic' is
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needed for south view analysis, was presented in Figure 6.1. The plume can be
divided into 3 regions which are used when comparisons are made with LED
rneasurements: :

an opaque white cloud at the top
e a dense black smoke region

an optically thin smoke region below
the main plume

No flame can be seen at this far west distance (3550 ft [1080 m]) from the
pool center.

A grid has been overlayed on the photographs to parmit easy reading of dimen -
sions directly fram the photograph, since ~he image to object trarsformaticr
factor varies appreciably across the p'ume photograph. Racial Tines are
separated by 100 ft (30.5 m), with 200 ft (61 m) spacing bevord 3200 ft (976 m)
from pool center. Later time far west photogra~h: are disrlaved in Figure 6.31.
The largest cltoud which is attached to the pool is shywn at 40 sec. Fire
burnout is evident at 270 sec and later in time. The plume shows character-
istics of a puff at 300 and 360 sec.

Plume growth is exhibited in Figure 6.32 from the far scath camera 730 ft
(222 n) south of the pool center. The plume oscillates about a vertical line
in each picture. Flame can be seen in the lower portion of the picture.
Maximum flame heights will be presented in Figure 6.38.

Grid overlays are shown for two leading edge angles. 52° and 66°. Selection
of these angles are justified in Figure 6.1. For 52  radial lines are
separated by 100 ft {30.5 m) starting with 50 ft (15.2 m), while 500 ft

(152 m) spacing is used beyond 2050 ft (625 m) from pool center. For 52°
transverse tic marks are spaced 1C0 ft (30.5 m) apart, with 1000 ft (305 m)
spacing beynnd 2050 ft (625 m) from pool center. For 66° radial lines are
separated by 100 ft (30.5 m) starting at the pool center, while transverse
tic marks are also spaced 100 ft (30.5 m) apart.

Later time far south photographs are presented in Figure 6.33. Piumes are very
similar for 240 and 270 s~c. Evidence of flame burnout is seen at 300 sec anc
bzyond. The puff character is depicted at 300 sec.

The near south camera was located 360 ft (110 m) south of the pool center. The
flame is readily seen in Figure 6.34. Grid overlays are shown for the same

two leading edge angles as in the far south figures, 52° and 66°. Radial 1ines
and transverse tic marks are separated by 10 ft (3 m).

Figure 6.35 shows later time photographs from the near south camera. Pocl fire
burnout appears to be just beginning at 270 sec. The plume is optically thin-
ning out at 300 sec and is very thin at 360 sec. The Jacob's ladder with
numerous vu-gr phs containing bridal veil for catching particulate matter 1s
readily seen in these photographs.
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Plume heights and horizontal distances are displayed as a function of time after
start of fire in Figure 6.36. For plume heights the maximum height and maximum

height along dense smoke centerline are presented. The last 2 centerline points
represent an uncertainty in defining the centerline.  The maximum height levels

of f at about 3000 ft (1000 m).

For horizontal distance the maximum distance, neglecting the optically thin
smoke region, and distance corresponding to the maximum height along the dense
smoke centerline are shown. The largest horizontal distance goes out to
approximately 3300 ft (1100 m) from the pool center.

Flame speeds for Test No. 11 are depicted in Figure 6.37. Only a few flame
speed data points were taken from the near west view. The vertical component
of velocity averages 25 fps (7.6 mps). Considerably more data was taken from
the near south view, with an average vertical component of 31 fps (9.5 mps).
These two values compare quite well.

Maximum flame heights were observed at the south periphery of the plume when
not obliterated by smoke and are plocted in Figure 6.38. Flame height in-
creases with time from start of fire, with the central bard varying from 70 to
115 ft (21 to 35 m) abova the pool center. After burnout begins, maximum
heights drop to about 20 ft (6.1 m) approximately 300 sec after start of fire.

Figure 6.39 compares the vertical component of velocity for smoke puffs as seen
from three views. The near west view yields an average value of 15 rps

(4,6 mps). Only a few data points were taken from the near south view, which
resulted in an average value of 32 fps (9.8 mps). Numerous data points from
the far south view produced an-average vertical velocity component of 43 fps
(13 mps). 1us considerable variation in smoke sneed can be observed, de-
pending on camera view. The far south smoke speed is also displayed in

Figure 6.40, together with a plot of smoke speed versus height at which the
speed was measured. Any analytical fit to this height profile would be quite
arbitrary.

When viewed frcm the south, smoke puffs are observed to rotate about an axis to
the east, as sketched in Figure 6.41. In some instances the axis is either
inclined downward 20 to 30 degrees or directed to the south. The period for
rotation is shown to average about 1.25 sec with variations of a factor of 2.

A plot of vortex center height versus vortex outer speed on the periphery of
the smoke puff shows a definite trend. Outer speed increases with height,
with values calculated to be as high as 600 fps (183 mps).

IR imagery was used to track four horizontally moving fragments as summarized
in Figure 6.42. The average horizontal velocities vary from 6 to 15 fps

(2 to 4.5 mps).

TEST NO. 12

Near surface wind data for Test No. 12 is displayed in Figure 6.43 for the
northeast met tower. Average wind speeds over the 10 minute period after start
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of fire vary from 10 to 12 fps (3 to 3.7 mps). Note that the speed is below
10 fps (3 mps) until 7 minutes after fire start, where it jumps to over 15 fps
(4.6 mps) for the -emainder of the 10 minute period. Average wind direction
varied from 195° to 220° as measured from true north, with direction changing
by about 120° over the 10 minute period.

Ambient temperature was measured at 81°F(27°C). Specific values for several
heights are as follows:

Table 6.0. Arbient Temperature For Test No. 12

Height At-ve Temperature
Ground (fi (°F)

3 81.9

18 80.7

28 80.4

38 80.2

Maximum plume heights are displayed in Figure 6.44 as a function of time after
start of fire; both observable absolute maximum heights and maximum heights
along the dense smoke centerline are presented. Results are shown for the
initially observed smoke plume znd for a portion of the plume which "breaks
through” the initial plume and rises above it. After 100 sec only the "break-
through” plume is observed. For the last three times shown, the plume peaked
above the camera view frame, and coinciding estimates of these two types of
plume maxima are presented. These estimates should be reasonably valid within
the error bars shown. It is seen that the estimated maximum plume heights for
t=340 sec is of the order of 4400 ft (1340 m).

The essentially northward horizontal displacements from ground zero of the
maximum plume heights are plotted in Figure 6.45 as a function of time. The
horizontal displacements of both the absolute plume maxima and of the (highest)
end point along the dense plume centerline are shown for both the early plume
and "breakthrough" plume described above. The plotted data were reduced from
pictorial information obtained from the far west camera by the same procedure
as that used to obtain the corresponding maximum vertical heights. The last
three time points shown again are extrapolations with wide error bars, since
the actual plume maxima were imaged above the view camera frame. For the later
times the growing plume also was propagated horizontally appreciably outside

of the view frame.

Figure 6.45 plots some observed flame heights and corresponding cilculated
verticai flame velocities for Test No. 12. The flame puffs selected for
observation were restricted to those which were most clearly distinguishable
from smoke obscuration and 2prescuted characteristic height maxima for their
time intervals.

IR data for Test No. 12 7 '+ presented here because of poor quality imajes
“for this particular test.
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TEST NO. 13

Near surface wind data for Test No. 13 is shown in Figure 6.47 for the north-
east met tower. Average wind soeeds vary from 11.5 to 13 fps (3.5 to 4 mps).
The speed generally decreased with time after start of fire, except for a
gusting period from 5 to 7 minutes after fire start. Average wind direction
varied from 155° to 175° as measured from true north, indicating the winds
were predominantly southerly (blowing from south to north).

Anbient temperatures were found to be 70°F (21°C). The following table
presents specific values as a function of height:

Table 6.7. Ambient Temperature For Test No. 13

Height Above Temperature
Ground (ft) (°F)
3 71.5
18 70.2
28 70
38 69.8

Reduced data .or plume heights and horizontal distances from the center of the
fire pool are displayed in Figure 6.48 as a function of time after start of
fire. For plume heights the overall maximum height.and also the maximum

height along the dense smoke centerline are presented. Both the top of the
plume and th2 far end of the centerline project out of the camera image frame
after apprn imately 200 sec. By 210 sec both the plume height maxima and its
horizontal displacement from the fire pool ce-ter are creater than approximate-
ly 2500 ft (760 m), and still rising and receding. The horizontal displacaments
plotted in the figure correspond to the positions of the overall plume maxima,
neglecting some tenuous optically thin smoke regions, and to the positions of
maximum height along the dense smoke centerline.

The peak flame heights -ecorded in Figure 6.48 were determined from near south
camera images. The tup 0f the camera view frame is interpreted to lie between
109 and 114 ft (33 to 35 m) high. Several of the flame pulses observed in the
time interval between 100 and 320 sec after fire pool ignition were observed

to rise through the top of the view frame. Most of the observed flames are
only transiently visible, since they tend to pe obscured by opaque black smoke
during most of their rise and dcocay. The figure plots height maxima for se-
lected flame pulses which were judged both to be fairly characteristic of upper
bounds for their occurrence time interval and to be non-obscured by smoke during
the peak of their rise.

Figure 6.50 plots vertical flame rise velocities for the observed flame pulses
presented in Figure 6.49. The points on (or very nearly on) the same vertical
generally correspond to the velocity decay of the same rising flame pulse.

Witk i er time scale, the velocities of such a flame pulse would be seen to

6-59



€1 °ON 3531 - e3eQ A60|040933) 3DBJUNS JRIN

(SILNNIW)
Y14 40 13IVIS WO IWIL

ot S 0

I ! | I \—‘O

J

~4

001

0s1

00z

001

0sl1

002

001

oSt

00z

0sZ

(HIYON 3N¥1 WOU¥4 o) NOHLLDINIQANIM

INTVA
JOVEIAV—-—-—

§'0Z

S LE

G°SS

(*14) GNNOYO
IAOEV LHOIIH

"Lb'9 34nbL4
(SILNNIW)

4 40 13VIS WO IWIL

ol S 0
1 I T 0
—H¢s
— ol
Sl
B T I T 0
—s
— O—
—-‘JJ Sl

—
— T _ 0

(Sd4) A324S ANIM

6-60



(o®8) ‘314 4O 1¥VIS Y314V IWIL
002 091 0zl 08 ot

€1 °ON 3S9L - A403SLH juauwedse|dsiqg pue JybLaH awnid ~"8p°9 3unbL4

I Li 1 1 |

3 LHO1IH WAWIXVYW INNY¥IINID
° 40 ¥31N3D T0ULd Y14 WOUS
LNIWIDVI4SIA TVINDZINOH

* INNYILINITD INOWS ISN3Ia
° ONO1V LHOIIH WNWIXYW

LHO13H WNWIXVYW IWN1d
40 ¥3LINID 100d 314 WOUd
LNIW3IDVIdSIa TVINOZIYOH

LHO1IH IWNTd WNWIXYW

€1°ON 1S3l - SNOISNIWIa JANd

Al

0002

(4)  INIWIDV1450Q TVINOZINOH 3O 1HOI13H

6-61



€L "ON 3s9L - S3UbLay aweld 6% 9 d4nbLy
(o08) ‘Y14 4O LY¥VIS ¥ILdV IWIL

oze 0¥e 091 08 0

T 1 1 _ 10

0z

Q

3
(sdj) ‘SIHOITH IWVYTZ TIEVA¥ISEO

(=]
-]

MIIA HINOS ¥V3IN |

oot

ozl



€L "ON 3531 - spaads asty aweld  "05'9 84nbiy

(29s) ‘3¥14 4O LYVLS ¥314V IWIL
0zZe ovZ 091 08

L T L} 1§ T | T I T

o oo o0 000 o

MIIA HINOS ¥VIN

0C

08

oot

ozt

(sd§) ‘ALIDOTIA 40 LNINOIWOD TVDILBA

6-63



6-64

decrease, with increasing time, as the pulse rises. It can be seen that peak
flame velocities exceeding 160 fps (49 mps) were observed between 220 and 330
sec after fire pool ignition.

Composite material fragments lofted by hot combustion gases and air during Test
No. 13 were imaged by the IR scanning camera in the 2-5 micron wavelength band
as shown in Figure 6.51. The time of occurrence is given in seconds after the
start of the fire. The first particle image appears on the screen approximately
100 sec after the start. The total burn duration was approximately 360 sec.

IR thermograph particle tracking in the JP-5 pool fire plume for Test No. 13 is
shown in Figure 6.52. The particle being tracked, which presumably is trapped
in an entrained air volume, is identified by an arrow in each of the successive
frames. The table inset in Figure 6.53 shows the times and velocities measured
in the smoke plume for a particle moving from A to A'. The particle presumably
was trapped in an entrained air volume. The drawing inset shows the distance

of tae IR scanning camera from the particle being tracked, and the optics of the
camera which determines the field of view. The time between pairs of selected
frames and the distances between A and A' in these frames yield the particle
velocity.

The fragment of a cockpit lofted by hot gases is tracked for 3.5 sec by the IR
scanning camera with results summarized in Figure 6.54. The fragment's
velocity has two components, the vertical due to free fall and the horizontal
due to wind drag. Average values are shown in the figure.
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7. RESULTS AND ANALYSES
The results and analyses are described in this section as follows:

passive gages
laboratory tests
meteorological gages
cameras

active gages

cross-comparison of data from
di fferent measurement systems

There have been several innovations introduced in the conduct of these experi-
ments.

e passive gage analysis has been extended from considering just
the counts of single carbon fibers, to the counts of multiple
and clusters of carbon fibers as well as lint and strip parti-
culate.

e passive gage analysis has been extended to considering changes
in fiber diameter.

¢ active gages have been introduced to supplement the passive

gages to gain an additional "time" dimension to the acquired
data. '

e passive and active gages were arranged to sample the fiber
cloud passing above the ground based gages.

PASSIVE GAGES
The passive gages data displayed in Section 4 describe the carbon fiber release
characteristics. This sub-section discusses the six key characteristics.
o Number Deposition
Size Distribution
Mass Deposition

Ratio of Single Fibers Mass to Initial Mass
Footprint

Fiber Diameter Reduction

NUMBER DEPOSITION

The number of single carbon fibers and multiple carbon fibers deposited per unit
area on horizontal sticky paper and on vertical sticky bridal veil, is given as
a function of range, azimuth and height in the figures of the following table:
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Figure Numbers in Section 4

" Plate Barrel Spoiler | Cockpit
® range 13,184,156 | 22,27 | 31,32 | 47.48.49
e azimuth 13 22,27 31,32 47,48,49
e height 12 24 33,45 51,53,54

Most of the fibers for the plate tests 5 and 6 were 1-2 g in length and de-
posited about 7000 particles per square foot (7.7 part/cm”) in the first 30 ft
from the sourge. The deposition decreased to 350 particles per square foot
(0.38 part/cm~) in the next 60 to 200 ft from the source (Figure 7.1).

Tr.2 barrel prior to explode weighed as much as the plate just prior to explode.
And about 360 particles per square foot were deposited from the barrel test in
the range of 60 to 200 ft, about the same that was deposited in the plate test.

The spoiler test used 5.8 pounds of carbon fibers initially, compared to the

1.29 pounds of carbon fiber of the plate or of the 1.28 pounds of carbon fiber of
the burned barrel. Yet only 14 particles per square foot were collected in the
range of 144 to 200 ft for the burn-only test. On the basis of per unit weight
of carbon fiber, this spoiler deposition compared to the plate or barrel deposi-
tion represents two orders of magnitude reduction and is primarily attribiuted to
the fire plume lofting of the fibers to greater ranges, reducing the dep?sition.
For example: plate deposition per unit weight is 351/].29 = 272 ft-21p- 1.
Spoiler deposition per unit weight is 14/5.8 = 2.4 ft~ 1b-1. Hence ratio of
deposition spoiler to plate is 0.0088.

The cockpit test used 35.7 pounds of carbon fibers and deposited 40 particles
per square foot in the range of 144 to 200 ft for the burn-only test. The cock-
pit burn-only represents about the same deposition as the spoiler burn-only
deposition on a per initial pound basis of carbon fibers.

PREDICTIONS OF CRITICAL EXPOSURE LEVELS BASED ON DEPOSITION DATA

The significance of these numerical results can be related to two separate con-
cepts of critical failure environments (1) exposure and (2) deposition. The
exposure obtained by burn/explode of plates and/or barrels in the range to 200
ft is calculated from

E:gLA.
v

where the deposition of single fibers per unit area (J/A) in Test 8 (Figure 7.1)
is

. 2 .
_ single fibers _ 0.38 particles/cm . fibers
D/A = 0.987 particles X 7.28 Tb initial carbon fiber 0.233 cm2/1b
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and the deposition velocity of single fibers (V) is assumed equal to or less
than the settling velocity of single fibers

V £ 3 cm/sec

Hence the exposure within 200 ft range of the burn/explode of a pound of barrel
is . )

Eighty percent of the single fibegs are in the 1-3 mm lengths (Figure 7.1) so
that exposures of the order of 10 f:%EE would be needed to fail equipment sus-

ceptible to carbon fibers. But tweWty percent of the fibers age in the range
of 3-20 mm in 1enghh which wou1g result in an available 2 x 10" fiber/sec/m
exposure, where 10° fiber/sec/m” is the critical threshold for the onset of
equipment failure for 6 mm long fibers. An increase in the source weight of

1 pound tp 300 pounds would raise the available 3-20 mm long fibers to 2 x 10°
fiber-sec/m™ where it is likely that susceptible equipment will fail.

The critical exposure for the burned and exploded plates is reduced by an order
of magnitude from the buried and exploded barrel because only nine percent of
the total number of particles-detected (or counted) were single fibers rather
than 98.7 percent detected in the case of the barrel (see Figure 7.1).* Thus
ten pounds of burned and exploded plate would be required to produce 2 x 104
fiber-seconds per cubic meter at up to 200 ft range, to induce incip ent failure
in susceptible equipment; and 1000 pounds for 2 x 106 fiber-seconds per cubic
meter for likely failure of susceptible equipment.

The calculation for critical exposure for the spoiler and cockpit burns will use
twd orders of magnitude less deposition of particles per unit area per pound of
initial carbon fiber mass, as compared to the barrel. The produce of (1) percent
of single fibers compared to total mass and of (2) percent of 3-20 mm -Jong fibers
compared to all particles is about the same for all three cases (Figure 7.1).

* An element of caution should accompany any interpretation of the data from
the barrel test, since the barrel used in test No. 8 was very poorly con-
structed. With 30% void (p.4-87) in the barrel, there were undoubtedly many
strands of single fibers which were unwetted and thus unbound by the resin.
These sections of virgin fiber were thus just waiting to be released as
single fibers, rather than as clusters, clumps, or fragments.
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Thus, 100 pounds of a burning spoiler and a burning cockpit will result in incip-
ient failure of susceptible equipment placed within 200 ft of the fire plume; and
10,000 pounds for more likely failure. Thus the lofting of the fibers by the
JP-5 fire plume made the single fiber environment benign at the close-in range.
The rather high updraft leads to fallout at the far range. However, some fall-
out from the rising plume due.to large turbulence results in deposition within
the short range. Although this fallout is only a fraction of the total mass of
fibers released, it is deposited over a relatively small area because of its
proximity to the source. Therefore, the depositon density can be significantly
higher.

Structure Burn Explode Required
Small Large Weight

- Plume Plume (pounds)
Plate 0 [ 1,000
Barrel (] ° 100
Spoiler [ 10,000
Cockpit ] 10,000

Figure 7.2. Initial Weights Required to Achieve 10° fiber-seconds
Cubic-meter

at 200 f+. range, with single fibers 3-20 mm long.

Figure 7.2. shows that the small plume from the burn and explode tests resulted

in a requirement for small weight of carbon fiber composite material to achieve
critical exposures at close-in ranges. The large buoyant fire plume results in
excessive requirements for initial weight of carbon fiber to achieve and elec'ri-
cal hazard potential at close-in ranges (200 feet). It is difficult or nearly
impossible to predict the amount of carbon composite which would have to be

burned to reach critical exposure levels at longer distances, based on the results
of the tests in this report.

Note that the vertically oriented tuna cans and bridal veil collectors caught
between 3- to 10-times the fibers caught by the horizontal collectors. The
vertically oriented collectors are more related to the local wind velocity to
obtain exposure, while the horizontally orjented collectors are more related

to Fhe fiber deposition velocity. Thus a given fiber cloud expostre will de-
posit, at 150 cm/sec wind velocity, 50 times more fibers on the vertical than
on the horizontal collector when the settling velocity of the fiber is 3 cm/sec.
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At this time, criteria for critical depositions have not been established for
generic classes of equipment. Thus the significance of the measured depositions
will not be discussed. Although it has been conjectured that four fibers, 6-cm
long, would be required in a one square centimeter area of susceptible equip-
ment for the onset of failure, more tests are required to verify this threshold.

SIZE DISTRIBUTION -

The number of single fibers and the number of multiple fibers on a given sticky

paper, is given as a function of length interval and diameter interval as
follows:

Figure Nurbers in Section 4

Plate Barrel Spoiler |Cockpit
e length interval [9,10,16,65, |21,25,66, }35,42,66,!52,55,62,
71 7 71 66,71
e diameter interval|9,10,14,16, |29,67 42,67 52,56,62,
67 67

The greatest number of fibers released were in the 1-2 mm length interval, and
were either single fibers or a ply thick. Bug these do not represent a threat

because of the extremely high exposures (> 10° fiber/seconds per cubic meter) re-
quired before any susceptible equirment would fail.

However, it is important to note that the single fibers represent between 10 and
95 percent of all particles deposited (although they represent extremely low
fraction of the fiber mass) between 17 and 50 percent of these fibers are in the
electrically significant range of 3 ta 20 mm_in length. These fibers can induce
equipment failures at exposures of 10% to 106 fiber seconds per cubic meter over
such large lethal radii as 200 ft from burn/explode sources using 100 pounds of
carbon fiber initial weight. There is a restriction that the source be a plume
no higher than 100 ft. It is likely that these equipment failures do not take
into consideration contributions of other fiber species (1int, clumps, strips,
etc.) to the failure of electrical equipment such as outdoor power systems.

Figure 7.3 shows that the burn and explode tests of plates resulted primarily in
clumps. It should be pointed out that passive instrumentation only went out to
600 ft undergrorund for the burn and explode plate tests. Therefore, it is

possible that single fibers which were released could have been lofted and trans-
ported beyond the passive instrumentation.
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The hot propane burner did generate singles and clusters in the burn/explode of
barrel A while the JP-5 pool fire of barrel B did not permit deposition of sig-
nificant numbers of single fibers but did deposit large strips in the burn/ex-
plode tests. This appears to be more a function of the size of plume and its
fast rise velocity, as well as the short duration of heating after delamination.

The burn-only of the aircraft spoiler resulted in singles and strips; while the
burn/explode of the spoiler resulted mostly in s1ng]es as a result of the
shattering effects of the explosion.

The burn-only of the cockpit resulted in lint and strips.

There is no doubt that the formation and dispersion of large numbers of clusters
of fibers (as in the barrel burn) and the generation and transport of long strips
of fibrous residue (from the spoiler test) as shown in Figure 7.3 created a new
awareness of types of carbon fiber materials other than single fibers which
could, under entirely imaginable siutations, represent threats to outdcor elec-
trical equipment.

MASS DEPOSITION

The mass of single carbon fibers and multiple carbon fibers deposited per unit
area on horizontal sticky paper and on vertical sticky bridal veil was not dis-
played as a function of range azimuth and height in Section 4.

However, Figure 7.4 shows the mass per unit area of deposited particles as a
function of range for all tests along the direction of peak deposition. The
extreme scatter and precipitous decay with range describe this figure. The por-
tion of the fiber cloud that will deposit on the ground achieves this deposition
within 200 ft, and thereafter, the cloud becomes airborne. The plate tests,
with their low altitude plumes, resulted in a deposition inversely proportional
to range raised to the 1.5 power.

The spoiler and cockpit depositions from their 3000 ft high plume, at ranges
closer than 300 ft, were random and spread over five orders of magnitude.

The mass per unit area deposited is a vital parameter in that it tends to re-
flect the contribution of the longer and more electrically hazardous fibers.
Thus a fiber which has a mass of 0.5 ugm per centimeter length, and has an
average length of 0.4 centimeters, will have an average mass of 0.2 ugm per
figer. At 10 ft range, the 800 ugm/cm ?deposition represents 800 x 0.2 fibers/
cms; and at 200 ft range, the 10 ugm/cm™ deposition represents 10 x 0.2 fibers/

Figure 7.5 shows the deposition on vertical collectors. The tuna cans were on
holders up to 30 ft high, while the Jacobs Ladder was up to 90 ft high. These
show that the vertical and horizontal collector data are consistent. In theory,
the vertical collection to horizontal collection factor is given by the ratio
horizontal wind velocity to settling velocity, i.e. 150 cm/sec to 3 cm/sec or a

factor of 50. But the four orders of magnitude spread of deposition hides the
factor of 50.
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Figure 7.4. Deposition of Particles on Sticky Paper
as a Function of Range
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RATIO OF SINGLE FIBERS MASS TO INITIAL MASS

The ratio of the mass of carbon fibers released as single fibers to the mass of
the initial resin and carbon fiber is given as a function of each burn/explode
test as follows:

Figure Numbers in Section 4

Mate

Barrel

Spoiler.

Cockpit

18,19,72

28 ,72

44 |72

64 ,72

Figure 4-72 shows the mass ratios to be of the order of 0.02%, no matter which
test is considered. However, there is more cc'“idence in this ratio for the
flat plates where much of the released mass was sampled.

This small ratio is particularly _ignificant for risk analyses, in that the only
real threat to electrical equipment may occur only in the close-in areas adja-
cent to the source and all far-out regions will receive only small quantities of
fibers diluted over great volumes. For extremely large diameter pool fires
(more than 50 feet in diameter) the close-in areas are more dilute because of
the strong updraft.

FOOTPRINT

The footprint of the fiber deposition is given as a function of range and azi-
muth as follows:

Figure Numbers in Section 4
Barrel Spoiler

Plate
11,13

C)ckpit

22,27 37 57

FIBER DIAMETER REDUCTION

The comparison of the pre-test and post-test carbon fiber diameter is as follows:

Figure Numbers in Section §

Plate

Barrel

Spoiler

Cockpit

68

29,68

68

56,68




The fibers imbedded in a 40-ply structure of the plate did not experience the
oxidation that those incorporated in the thin ply structures of the barrel,
spoilers and cockpit. The latter three structures had their fibers experience a
30 vercent decrease in diameter on the average.

It is important to note that there were considerable numbers of fibers in the 1
and 2 micron diameter range from the barrel burn which approach the size of fiber
that should be investigated for ppssible health risks.

LABORATORY TESTS

The laboratory tests indicate two important trends. First, carbon fibers react
with sufficient rapidity at 2000° F temperatures that even a few minutes expo-
sure will cause measurable mass loss due to oxidation. Second, the presence of
the resin acts as a catalyst, so that even lower temperatures lead to the same
mass loss in a few minutes.

For carbon fiber composite structures having just a few piy, in tne midst of a
burn environment where there is sufficient local oxygen available, the possibil-
ity of mass loss to carbon fiber oxidation must be considered as a mechanism for
accounting for mass loss. This is a factor not presently being considered in
aircraft crash risk analysis scenarios. It certainly is a factor that musi be
considered in the design of efficient incinerators for disposal of future carbon
fiber waste material.

It is worthwhile considering the introduction of those elements in the resin
that catalyze the carbon fiber reaction to facilitate .mass loss. This will re-
duce the carbon fiber release from accidental aircraft crash fires and from in-
cinerator smoke stacks.

2)

Archibald og AFML 19783 Berformsd isothergal weight loss tests of carbon fibers

aged at 450°F, 500°F, 550°F, 600°F and 700°F for intervals of 1000 hours in an
air circulating over. He determined the following activation energies:
Fiber Activation Energy
Manufacturer Grade (kilocalories/mole)
Hercules HM-S 57
Hercules HTS(0) £3.6
Modmor M 11 48
Hercules A-S 29.9
Union Carbide T-300 29.0
Hercules HTS(N) 22.9
Hercules HTS{66-7) 30.6

The activation energy of the TRW thermal gravimetric analysis tests for T-300
resulted in 31.0 kilocalories per mole as compared to the above value <f 29.0
kilocalories peromole. This is interesting in that the TRW TGA tests were
operated at 1000°F and used only one minute to 20 minute time intervals.



3)
Radcliffe and Appleton of MIT (19718 studied carbon soot oxidation rates at 1300
to 1700°K, and with various levels of partial pressure of oxygen ranging from
0.04 to 0.1 atmospheres. The activation energy for oxidation suggested in their
report indicates E = 39.3 kilocalories/mole.

Lee, Thring and Beer (1962) deterwined the carbon soot oxidation rate to be
directly proportional to the partial pressure of oxygen.

P
» = 1.085 x 10° —1% exp ( 2—3%#’9)
T

where

w oxidation rate (gms carbon - cm'z—sec'])
Po partial pressure of oxygen (atm)

2

T absolute temperature (°K)

R universal gms constant (cal !

-mole'])

This linear dependence on P0 was also found to be true for pyrographite. These
2

results are of interest in design of incinerators. Since the proper addition of

secondary air, the proper temperature, and proper residence time can completely

consume the carbon fibers. The addition of sodium as a catalyst can further re-

duce the activation energy and enhance the rate of carbon fiber consumption.

METEOROLOGICAL GAGES
The meteorology data obtaired from the towers were used to yield

average wind direction

average wind velocity

wind direction and velocity as a function of time
average temperature

standard deviaticn of wind direction

The average wind direction during the two to twenty minutes after the test initi-
ation indicated whether the peak concentrations of carbon fibers passed through
the instrumentation network. The first two minutes were vital with regard to the
instrumentation within 600 ft from the source point, while the later time was
applicable to the instrumentation at 6000 ft from the source. A steady south
wind was required for the maximum data yeild.



The average wind velocity, and the distance from the carbon fiber source, deter-
mined the arrival time of the carbon fiber cloud from the low altitude plume
(Figures 5.12 and 5.17). However, during the pool fire tests the fiber cloud
from the high altitude cloud arrived simultaneously at several ranges indicat-
ing that the fiber cloud was descending from above (Figure 7.6).

The long distance of flat uninterupted terrain at the test site suggests that
the wind system is large scale. "Thus average wind speed and average wind direc-
tion readings from a meteorological tower should be valid over a large distance
at each time interval. Thus the meteorological tower wind speed history and
wind direction history can be combined to sketch the meandering of the fiber
cloud after it has been released from its source. This has been demonstrated
by comparing the meteorological data to the measured sticky paper footprint

and active gage footprint ?Figures 7.7, 7.8, 7.9 and 7.10).

The average temperature can be obtained from the meteorological tower. The 300-
ft cross-dimension of the black-top test pad, and only 54-ft height of meteoro-
logical tower, results in the thermal effects of the black-top strongly influenc-
ing the lowermost thermocouple.

The atmospheric stability of the air according to the Pasquill stability classes
A through G is given by the Nuclear Regulatory Committee Safety Guide 23. (See
Figure 7.11. Either o p O AT/AZ determines the stability class necessary to
establish which plume W equations apply. Another approach is to use the extreme
range of the wind direction in a '5-minute period and divide it by six to obtain
the effective standard deviation of horizontal wind direction (o D= R/6). No
matter which of the three calculational schemes is used, the same stability
class will be identified.

As an example of the methodclogy, application of the methodology, and display of
results compared to analysis, Test 11 will be discussed in detail.

The wind variation data will first be considered to determine the Pasquill at-
mospheric stability category. Figure 6.29shows the wind velocity history for

ten minutes, whereas it is better to use 15 to 60 minuteso Using 8he ten-

minute wind direction history, the extreme limits are 220” and 145°. The stan-
dard deviation is obtained by dividing this range by six, o = (220°-145J/6=12.5°.
According to Figure 7.11,this lies between slightly unstab1¥ category C and
neutral category D.

The temperature gradient data will next be considered to determine the Pasquill
atmospheric stability category. Figure7.12shows the meteorological tower tem-
perature data with Test 11 highlighted. Figure 7.13shows the range of temperg-
tures at a given Slevation near test time. The temperature gradient of -0.05°F/
10 ft equa1s°-0.9 C/100 M. Fagure 7.1 1shows that this temperature gradient falls
between -}.5 C/100 M and -0.5°C/100 M, Pasquill atmospheric stability category

0, neutral.

In Test Number 11, spoilers burn, the wind direction variation resulted in the
slightly unstable Pasquill category C to neutral stability Pasquill category D;
and the temperature gradient result in category D. It is of interest that in
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NEAR SURFACE TEMPERATURE DATA

TEMPERATURE (°F)

sl 3 18 28 38

NO.
4 48.0 47.5 47.2
S 49.8 49.4 49.2 49.2
6 40.2 40.0 35.9
7
8 5+.7 51.2 51.0
9

10

11 75.3 74.4 74.3 74.25
12 81.¢ 80.7 80.4 80.2

13 71.5 70.2 70.0 69.8

Figure 7.12, Near Surface Temperature Data
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spite of the presence of the black top test pad, the meteorological tcwer proved
useful in specifying the stability condition. This stability condition is vali-
dated by the plume stabilization height achieved in Test 11, as described in

the following section.

The stability is vital in specifying the plume height. The stability parameter
is defined as either

s=1 - dT(dg
(-9.87°C/100 M)
or
=3
S TS
where
g = gravitational constant
T = absolute temperature
Z =altitude
d

= vertical gradient

%l

The maximum height (H ) achieved by a puff generated by a pool fire is given
by

- y 1/4
Hmax = 3.f(s).Q (meters)
where
f(s) = see Figure 7.14
Q = heat released by JP-5 fuel (test 11, Q = 1.2 x ]011 joules)

The coefficient 1.43 converts to 4.7 for Hmax in feet.

Figure 7.15 shows that the neutral to slightly unstable stability condition is
predicted to yield maximum plume heights of 3780 to 4480 ft for Test 11. Figure
7.6 indicates the cloud is stabilized at above 3000 ft altitude.

CAMERAS
The first portion of this section selects Test 11 to show the derivation, data
and analysis of plume variables obtained by means of visible 1ight cameras. The
second portion discusses the results obtained from the infrared cameras.

CINE CAMERAS

The methodology of the simplified data reduction, the data, the simplified analy-
sis of the plume trajectories and plume histories, and use of the meteorological
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data are shown in this section in Figures 7.16 to 7.20.

It is important to note that there are more complex techniques available to
analyze the plume data. For instance the fundamental classical momentum and
energy diffusivity coefficients, entrainment factors, apparent masses, conser-
vation equations, and the introduction of radiation transport to correct the
plume properties, can all be used to specify plume parameters in a» elaborate
state-of-the-art computer calculation. Simplifications of Gaussian model verii-
cal velocity distributions have been used in the past. However, the presented
simple approach is consistent with the requirements of a risk analysis.

The camera photographs contain qualitative and quantitative data. The quali-
tative data includes the general shape of the plume and puff formation at several
times, the general direction of the motion, swirling of large scale eddies of
<moke comprising the plume, the fall-out of large strips of burned material,

and the orangr flame height compared to the pool dimension. This qualitative
information i> best seen in the color photographs of Figures 6.30 to 6.35.

The quantitative data reduction requires the deveiopment of . three dimensional
analysis to convert photo data from two separate cameras viewing the same scene
at right angles. Figure 7.16 shows the two-dimensional data reduction scheme
for the camera located south of the fire plume and for a south wind. Calibra-
tion was performed by taking photograpns of vertical poles of height H] and HZ’
and measuring the distances from the camera to each pole and between

poles. The angles 0y and 6, were then calculated based on the horizontal and

vertical distances. For vertical objects the values of e]/h] and ez/h2 were
averaged to yield the parameter @ ertical’ Similarly the angle between the base
of the poles 93,compar?d to the distance between the poles h3, yielded
Spori.ontal. The a1s 8y and ag values proved to be close so that a single value

of a was selected. Figure 7.16a and 7.16b explain the development of true di-
mensions by using the calibration photographs, plume photographs and mapping
equations.

A grid on a transparent sheet was overlayed on each photograph to obtain true
dimensions. Note how errors in measurement of the plume top are more severe
than the same error at the closer-in plume bottom. Figure 7.17 shows the grid
constructed for the far west camera for Test 11, and the derivations for the
construction of the grid is shown in Figure 7.17a. Specific values for para-
meters are given in Figure 7.17b.

In the next series of figures the plume data shown in Section 6 will be shown
along with the correlation equation, and the next figure will show the TRW
computer mode correlation equatior parameters. Fiqure 7-18a and 7-18b (data
from Figures 6.38 and 6.39) shows the correlations of flame height history and
vertical velocity history until the stabilization height Z* is obtained, while
Figure 7.18c shows the derived correlation equations. These correlation equa-
tions are based upon empirical constants developed for fire plumes and puffs.
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Figure 7.19a shows the plume height histories for both the dense smoke as well
as the more rarefied smoke; and the horizontal distance traversed by these
plumes as a function of time. The correlations are based on the empirical re-
lations shown in Figure 7.19b. The plume trajectory is shown ir Figure 7.20a,
and derivation is shown in Figure 7.20b.

INFRARED CAMERAS

The infrared cameras show the extent of the plume to be greater than indicated
by the cine cameras, and for longer times (Figures 6.12, 6.20 and 6.24). 3ince
carbon fiber clouds are particularly rarefied, this is an important attribute
of the infrared system.

The infrared cameras are able to suppress the soot and fiber clouds to highlight
hot spots in the plume. These hot spots were tracked and represented the tra-
Jjectories of large pieces of carbon fiber laminate inside the cloud. It is ap-
parent that repeated viewing of these same scenes, and using more subtle contrast
settings, could reveal smaller laminates and their trajectories, which more
closely track the local aerodynamics (Figures 6.27, 6.28 and 6.42). This is use-
ful for plume modelling.

The infrared cameras appear to show a low hanging fiber cloud below the combus-
tion product gases (Figure 6.25). This, too, requires further study.

ACTIVE GAGES

The active gages showed the concentration history, fiber length distribution as
a function of time, intermittent character of the fiber cloud, the duration of
the fiber cloud, and the effect of resuspension caused by personnel walking in
the test area. These are properties not measurable by any of the passive gages,
and never before measured.

The high voltage ball gage was particularly interesting in that it was sensitive
to only those fibers greater than 3-4 mm long. It is exactly these longer fibers
that are sapable of damaging electrical equipment with exposures in the range of
104 to 10/ fiber-seconds per cubic meter. Thus the bal) gage gave a direct
measure of the history of the fiber cloud which is of most interest for specifying
thz potential electrical hazards. The ball gage showed exposures of the order of
10* fiber-seconds per cubic meter for the plate, barrel and Sockpit to ranges of
300 ft from the source, and the spoiler at an exposure of 10° fiber-seconds per
cubic meter. (Figure 7.21). The plate and barrel achieved these exposures with
peak concentrations of the order of 0.5 to 1.3 x 104 fibers per cubic meter,
whereas the apoiIer and cockpit showed almost no detectable concentration of
fibers ( <10° fibers per cubic meter). The spoilers and cockpit had such a
rarefied cloud that the concept of a continuum is questionable with regard to the
definition of concentration, but over 200 to 1500 seconds there was a measurable
exposure that for the cockpit proved to attain the critical threshold value of
exposure for the onset of susceptible electrical equipment failure. It is
important to note that the fiber cloud was at least 2500 seconds in duration for
the plate test.
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On the other hand, the LED gage mea. ~"~d all the fibers that the ball gage de-
tected, and also the smaller fibers : the 1-3 mm length that the ball gage did
not detect. Since there was a dominant number of fibers in the 1-3 mm lengths,
the LED yielded higher concentrations than the ball gage. For the spoiler tests,
the data was reduced for comparable times and the LED gave exposures 30 times
higher than3the ball gage. The peak concentrations of single fibers was of the
order of 10° fibers per cubic meter for the flat R]ate at up to 300 ft range.

The barrel and spoiler goncgntrations achieved 10" fibers per cubic meter, and
the cockpit achieved 10°-10" fibers per cubic meter.

The microwave system was placed in just a few locations to spot check for the
mass flux of large clumps. These clumps would have saturated the ball LED sys-
tews. In the 25-50 ft range locations the microwave yielded 300 to 500 ugm/
cm®-sec mass flux for the plate and barrel tests. There were just a few of
these systems available and they were not always in the center of the fiber
cloud. However, it is interesting to compare the data from this system which
measure large clumps, to the data from the LD and ball systems which measured
single and multiple fibers as is done in tha next section.

The ladar showed the fiber cloud to be composed of three separate clouds as a
function of height, the 28-second ins*ant after the explosion of the barrel.
The clouds appear 5-10 ft high with 20 ft vertical separations. The uppermost
fiber cloud is at 80 ft. At 85-seconds, only two fiber clouds pass and the
uppermost cloud is only 30 ft off the ground. At 185-seconds, there is only
the low lying fiber cloud about 10 ft off the ground (Figure 5.26).

The flame velocimeter measured the 11-38 ft per second vertical rise of the
smoke/flame from the JP-5 pool fires. This is a device newly developed at TRW,
and has the capability of validating computer models of the fire plume

(Figures 5.37).

The L-C deposition history gage is another device newly developed at TRW to
measure the mass per unit area history of clumps depositing on the ground. The
device was shown feasible, but not used to develop data for this project
(Figure 5.41).

COMPARISON OF MEASUREMENT SYSTEMS

The consistency of the different measurement systems is vital. Prior to the
field test program, the instrumentation that was available was designed to mea-
sure single fibers. That instrumentation plus a microwave and LED instrumenta-
tion was thereaf’er applied to multiple fibers, clusters and clumps. Thus it
is necessary to compare the data from each measurement system to assure con-
sistency.

Figure 7.22 shows the integrated mass flux of the active instrumentation against
the deposition per unit area measured on the stizky paper. The circles repre-
sent the plate tests; triangles the harrel test; squares the spoilers; and dia-
monds the cockpit. Note that the microwave gages measured high, the LED gages
measured within the envelope of sticky paper data, and the ball gages measured
Tow in the plate tests; whereas the decay of deposition for each gage system

was at the 1.5-power of range. (Considering the different physics principles
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involved in each of the gage systems, this represents good agreement. Also by
considering that the ball gage is insensitive to fibers below 4 mm in length,

and that the microwave gage is insensitive to single fibers when in low concen-
tration and is designed to detect clumps; the order of ball gage (below enve-
lope),LED gage (within envelope) and microwave gage (above envelope) is reason-
able. And the wide swing of the flux measurements at a given range is consistent
with the phenomenology being measured.

The barrel test was on the average lower in mass flux than the sticky paper en-
velope. The microwave gage read at the upper limit of the sticky paper enve-
lope, while the LED and ball gages read at the lower limit of the sticky paper
limit; but the slope was consistent with the 1.5-power decay with range as
shown in Figure 7.22.

The spoiler test mass flux data was just above and below the envelope determined
by the plate test data; again the LED gages read higher and the ball gages read
lower. It should be recalled that the spoiler test involved about a factor of
five increase in weight, which should result in an increase in integrated mass
flux, but on the other hand, the introduction of the pool fire plume with its
updraft results in a decrease in integrated mass flux at the ranges less than
300 ft. Thus these competing effects appear to cancel each other.

The LED gage and ball gage data from the cockpit test fell between the respec-
tive data from the spoiler test, and within the passive data envelope. This
agreement was obtained in spite of the highest initial carbon fiber mass.
Again, the effect of the buoyant plume compensated for the high initial weight
to cause the cockpit data to fall with the other test structures.

Figure 7.22 is particularly interesting ir that different initial carbon fiber
weights, different burn temperatures and burn times, explode and non-explode,
and different plume sizes were involved. There is widespread scatter of the
data as may be expected from the differences in the tests, but there is an over-
all trend that shows the active data following the pattern of the passive data.

The cloud photography for Test No. 11 showed the overhead carbon fiber cloud
development. Figure 7.6 showed the carbon fibers arriving at the furthermost
LED gage at the earliest time with this trend continuing until the closest to
the source LED gage shows the carbon fiber cloud arriving at the latest time.
This effect can only be explained by a fall-out of carbon fibers from the over-
head plume along a front such that the furthermost carbon fibers in horizontal
range fall earliest.

Note that in Figure 7.6, the fiber cloud touches the ground at 1000 ft at the
start and sweeps along the ground to 3000 ft. Figure 7.23 shows the deposition
matching this pattern, with the peak deposition at 2000 ft.

The meteorological data compares well with the passive gage footprint (Figures
7.7, 7.8, 7.9 and 7.10).
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Comparison of the ladar data showing the descending carbon fiber cloud (Fig-
ure 5.26) with the infrared pictures (Figure 6.25) showing the descending
carbon fiber cloud, indicates that the hot rising cloud of detonation gases
is higher than the falling heavy carbon fiber cloud in the barrel Test No. 8.
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8 CONCLUDING REMARKS

The concluding remarks will be presented in terms of target type (plate,
barrel, spoiler and coc@pit) in field tests and laboratory tests, as well as .n
terms of passive and active instrumentation.

e Thick Plate/Propane Burner/Explode

The mass of single fibers released from burn and explode tests are less
than 0.02% of the initial composite mass. This percent was obtained
from the outdoor field tests at the Naval Weapons Center Test Site and
from the outdoor screen enclosure chamber tests at the TRW Capistrano
Test Site. This is 100 times smaller than the percent measured at the
indoor chamber at the Naval Surface Weapons Center, Dahlgren Laboratory.
This small percent is based on the deposition capture of 12 - 19 percent
of the initial mass.

The outdoor screen enclosure chamber tests yield fiber length and fiber
diameter distributions comparable to those obtained in outdoor field
tests.

Passive data indicated that of the single fibers in the 1 to 20 mm range,
about 50 to 80 percent were in the length range of 1 to 3 mm, with the
balance principally in the range of 3 to 6 mm. It is fibers in the
length range of 3 to 20 mm that represent a potential hazard to electri-
cal equipment. :

The burn and explo&e tests of plates resulted in mostly blast fragments
(clumps) by comparison to the single fibers. The 40-ply structure of
the plates appears to influence this result.

Burn and explode of p]ages in the range of 1000 pounds can induce the
critical exposure of 10° fiber seconds per cubic meter within 200 ft of
the source, with fibers 3 - 6 mm long.

e Thin Barrel/Propane Burner/Explode

The hot propane burn of the barrel followed by explode, reéu]ted pre-
dominantly in single fibers and clusters. The single fibers were mostly
in the 1 - 6 mm length interval.

Distribution of the clusters extended from near ground zero out to the
limits of the passive instrumentation array at 3000 ft downrange.

o Thin Barrel/Pool Fire/Explode

A JF-5 pool fire burn of another barrel and then explode, caused a strong
reduction in single fiber deposition close-in because of the ability of
the post fire plumes to loft fibers to several thousand feet altitude

and for the wind to transport the lofted fibers to great horizontal
distances.
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The rapid heating of the thin structure with few ply resulted in delami-
nation of each ply, and the plume updraft did not permit the separated
and rising ply to remain very long in the hottest portions of the pool
fire. Thus, these plys eventually deposited as strips.

Several strips reached 1200 ft downwind. One was 10" long and 1" wide.
No strips were generated in the propane burner and explode tests.

Thin Spoilers/Pool Fire

The burn of the spoilers in the JP-5 pool fire resulted in the emission
of principally single fibers by virtue of the turbulent action of the
fire, and the short residence time in the fire/updraft again resulted in
strip formation.

The strips were mostly 12" to 24" long, C.25" to 1.0" wide, and 1 to 1.2
ply thick. They deposited mostly in the 1000 to 2070 ft downvind range,
with almost as many reaching 2000 to 3000 ft downwind range. These sizes

and ranges are of special interest to composite materials in fires near
power substations.

Thin Spoilers/Pool Fire/Explode

After explode, there was a greater deposition of single fibers and with
no strips.

Of all the particles caught in the Jacob's ladder bridal veil, about 80%
were single fibers.

Thin Cockpit/Pool Fire

The cockpit burn over a JP-5 pool fire resulted in rapid delamination
and generation of lint and strips, with relatively few single fibers.

Most of the strips generated by a large size pool fire are 1 - 2 ply
thick, 1/4 to 1 inch wide and have a length comparable to the initial
lay-up length.

The plume from the large size pool fire controlled the fiber deposition.
Most all of the deposition is in strips because of rapid delamination,
and they fall out directly below the plume. Single fibers were detected
in the vertical plane of the Jacob's ladder, but these particles wcre
carried to beyond 3000 to 6000 ft. Thus, the meteorological conditions
and JP-5 pool size, which control the plume size and tilt, also control
the fiber deposition.

Laboratory Tests

Prolonged burning c¢f carbon fiber structures composed of a few ply, for
several minutes at greater than 1000°F, will result in the oxidation of
carbon fiber. Present test data showed that this o:idation created



fibers that were in the range of 1 - 3 microns diameter, where health
may be a factor to be considered.

There are catalytic effects of the resin that cause more rapid oxidation
of the carbon fibers. There were differences in oxidation temperatures

noted due to such subtle variations as tests involving Narmco 5208 versus
Narmco 5209 resins.

Passive Instrumentation

Passive instrumentation data comprises the majority of the data reduction
effort, and results in the deposition footprint and the fiber size dis-
tribution at many stations in the footprint. The initial placement of
inexpensive and large number of passive sensors did not require a great
effort. However, in order to evaluate the data sufficiently, it was
necessary to expend several personnel for several months as compared to
the active instruments which are expensive to deploy but simpler and

more rapidly evaluated for data reduction.

There are several broad conclusions with regard to the effectiveness of
each type of passive sensor:

- millipore filter/vacuum - This system was not effective in captur-
ing sufficient number of fibers by comparison to the other nearby
sensor types. The low capture efficiency may be related to its
small diameter and the millimeter fiber lengths of interest.

- tuna can/bridal veil - This system was effective in capturing
fibers greater than 1 millimeter in iength. The tuna can arrays
extended to only 30 ft in height, and therefore did not sample the
entire cross-section of the fiber cloud.

- sticky paper - Good representations of fiber characteristics and
size distributions i..re obtained by means of the sticky paper gages.
The adhesiveness retained its strength sufficiently to afford good
data records even though the sensors on some occasions were ex-
posed to the dustiness, dew, wind and sunshine for extended periods
due to test initiation delays because of meteorological conditions.
It is recognized that there is a difference between the "deposition"
capture efficiency of sticky paper versus the “"exposure" capture
efficiency of the bridal veil.

- Jacob's ladder - The Jacob's ladder was an innovation in that it
was designed to intercept ail of the plume generated by a propane
burn and explode test, and was used effectively to intercept a
portion of the fire plume generated by a jet fuel pool burn test.
This permitted gaining information regarding vertical distribu-
tions of the carbon fibers in the overhead cloud.

8-3
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e Active Instrumentation

The active data yielded an additional dimension to the data analysis
that gives more insight into the passive data and gives support to the
dynamics of the phenomenology so important to model development. It
should be noted that this was the first field effort wherein many of
the laboratory instruments were used. However, considering the import-
ance of these field tests, the effort proved worthwhile.

The meteorological data from a 54-ft high tower was adequate for predict-
irg the carbon fiber cloud footprint based on the wind speed history and
wind direction history over short time intervals. Also the meteorologi-
cal data defined the atmospheric stability category based on either (1)
standard deviation of wind direction history over a 1/4 to 1 hour period
or (2) thermal gradient in the vertical direction.

The plume from an explosion that creates a near vertical cylinder of
detonation gases and carbon fibers, deposits a downwind footprint that
js dictated by the local wind speed and local wind direction. Thus it
is possible to use meteorological tower data to predict a carbon fiber
footprint as a result of a burn and explode accident.

The cine cameras recorded the characteristics of the puff of smoke/fibers
after the propane burn and explode of the flat plate and barrel A. These
characteristics included the overall size of the cloud at each instant,
and the trajectory of the centerline at each instant. These measured
characteristics correlated with the trajectories predicted by explosive
fireball empirical formula for puffs based on non-dimensional groups.
Similarly, the cine cameras recorded the characteristics of the plume

of smoke/fibers after the JP-5 pool fire burn and burn/explode of barrel
B, snoiiers and cockpit. As in the case of the puff, the measured tra-
jecteries correlated with the predictions by the empirical formula for
plumes based on non-dimensional groups.

Comparison of the cine camera results to the active instrument data
showed the cloud to rise and move downwind, and then tall and move
further downwind. The cloud arched over the active instrumentation
array. The simultaneous arrival of the carbon fiber cloud at all active
instruments at the different radial stations therefore showed that the
fiber cloud was dropping from the overhead cloud down to ground level.

Comparison of the cine camera profiles to the deposition footprint in
the pool fire tests showed that the plume footprint at ground level and
deposition footprint coincide. Comparison of the cine cameras vertical
velocity for rising smoke swirls was consistent with the vertical velo-
cities of hot spots measured with the infrared cameras and with the
newly developed TRW flame velocimeter.

The infrared imaging cameras continued to track the puffs and plumes for
Tonger times and over greater distances, as compared to the cine camera
observation limits. Adjustment of the signal level and contrast level



for a specific scene suppressed the soot cloud and revealed trajectories
of hot objects within the cloud, which permitted data acquisition with
regard to the aerodynamics inside the plume (updraft and also horizontal
entrainment velocities,. There appears to be the potential of further
separating the fiber cloud image from that of the gas products in down-
wind ranges, but further data reduction is required.

The high voltage ball gages were sensitive to fibers having lengths
greater than 4 mm long, the size of importance to the electrical equip-
ment hazards. The ball gages showed for these longer lengths that ex-
posures of the order of 10* fiber-seconds per cubic meter, in the 200
ft range, were achieved per pound of carbon fiber source for the 100 ft
high puff; whereas this critical exposure would be achieved in the same
range by a 35 pound carbon fiber scurce even when there is the be.efit
of a 3000 ft high plume spreading fibers over a greater area. Fiber
cloud durationz ranged from 235 seconds to 1500 seconds. Peak concen-
trations of 10% fikers per cubic meter of fibers, at least 4 mm long,
were measured within 200 ft range for the plate and barrel tests where
the 100 ft high puff was the source.

The LED gages were sensitive to fibers 'aving lengths greater than 1 mm

in length. Most of the fibers werg measured to be in the 1 to 3 mm
length, which require more than 10° fiber-second per cubic meter exposures
to induce circuit failures. The LED will measure concentrations and ex-
posures of the 1 - 3 mm and also the 3 to 20 mm length fibers. The total
of these two sources of concentrations is tpo high for purposes of re-
solving the electrical hazard potential.

The gages recorded concentrations 1.5 to 5 times the ball gage concen-
trations for the plate and barrel and 10 to 400 times the ball gage con-
centrations for the spoiler and cockpit. These ratios represent the
ratio of LED data for fibers 1 - 20 mm in length compared to ball gage
data for fibers 4 - 20 mm in length. These peak concentrations were of
the order of 103 fibers per cubic meter for the_plates, 10% fibers per
cubic meter for th- “arrel and spoilers, and 10° fibers per cubic meter
for the cockpit. wnalysis of the LED and ball gage recordings show the
importance of the late-time fiber cloud. .

It was observed as expected that the integrated mass flux from the micro-
wave gage fell at the upper envelope of all the data for integrated mass
flux versus range due to the fact that this gage records massive pieces
falling through its sampling volume.

The broad conclusions for the active instrumentation are as follows:

e ball/LED/microwave - These systems showed the fiber cloud relative arri-
val times at different ranges, the comparative deposition rates at dif-
ferent time intervals, the overall deposition period, the late-time re-
entrainment of fibers induced by wind gusts and personnel entering the
area. In addition there were the concentration and mass flux histories
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that were measured which supplemented the deposition data measured by
the passive sensors. The data obtained by means of the active instru-
mentation uniquely specifies the observed depusition and is therefore
of value toward validation of computer models.

visible/infrared cameras - These systems yielded plume trajectories and
propagation phenomena that were useful in explaining the fiber cloud
transport and observed deposition footprint.

meteorological - The meteorological sensors (wind speed, wind directin
and vertical temperature gradient) were vital in both the execution of
each test, as well as in establishing the data interpretation. The
wind speed and direction were used to assure that the fiber cloud would
pass over the instrumentation array. The wind velocity history from

the towers were effective in predicting the deposition footprint to 3000
ft.



APPTNDIX

TEST CONDITIONS

Given in this appendix in Tables A.1 through A.15 are the detailed test
conaitions for each of the fifteen tests conducted in the test ceries. A des-
cription of some of the characteristics unique to each test is given in Section
3, pp 3-27 through 3-32.



Table A.1. Test Conditions for Test No. 1

TRW TEST NO. 1 NWC TEST NO.

CTS TEST NO. 1

TEST SITE _ CTS, within a 15 ft x 15 ft screened enclosure

TEST 'LE Flat Plate, Thornel 300/Narmco 5208 Plate
1 ft x1ft x1/4 in
TYPE OF BURN Pron.pe EXPLODE MOCE —__Delayed

BURN DURATION 40 minutes
BURN LOCATION ____Center of Pad
BURN DATE 11-4-77

TIME OF BURN

CONFIGURATION ______4 ea 1/2 oz C-4

EXPLODE LOCATION _Center of Pad
EXPLODE DATE 11-9-77
TIME OF EXPLODE

PASSIVE INSTRUMENTATION

ACTIVE INSTRUMENTATION

SP SHEETS 23 LED 2
SP STRIPS MICROWAVE

SP ROLLS BALL

TUNA CANS LADAR

BV VUGRAPHS TC IN SAMPLE

BV FRAMES TC IN FLAME

BV LADDER VELOCIMETER
MILLIPORES 4

PAD COLLECTION METEOROLOGY
SWEEP BRIGADES THERMOCOUPLES
PHOTOGRAPHY VANES

INFRARED IMAGING ANEMOMETERS
MOVIES ) SMOKE GENERATORS

A-2

CAPTIVE BALLOONS
FREE BALLOONS




Table A.2.

TRW TEST NO. __2

TEST SITE

Test Conditions for Test No. 2

NWC TE>i w0, _CTS TESTNO.___2
CTS, within a 15 ft x 15 ft screened enclosure

TEST SAMPLE _Flat Plate, Thornel 300/Narmco 5208 Plate

1 ftx1 ft x 1/4 in

TYPE OF BURN Hot Propane

BURN DURATION __20 minutes
BURN LOCATION __ Center of Pad

EXPLODE MODE Delayed
CONFIGURATION —___4 ea 1/2 oz C-4

BURN DATE 11-10-77
TIME OF BURN

PASSIVE INSTRUMENTATION

SP SHEETS [
SP STRIPS
SP ROLLS
TUNA CANS
BV VUGRAPHS
BV FRAMES
BV LADDER
MILLIPORES 4
PAD COLLECTION
SWEEP BRIGADES

PHOTOGRAPHY

INFRARED IMAGING
MOVIES

Center of Pad
11-10-77

EXPLODE LOCATION
EXPLODE DATE
TIME OF EXPLODE

ACTIVE INSTRUMENTATION

LED 4
MICROMWAVE !
BALL :
LADAR

TC IN SAMPLE 4
TC IN FLAME )
VELOCIMETER

METEQROLOGY

THERMOCOUPLES

VANES

ANEMOMETERS 1

SMOKE GENERATORS
CAPTIVE BALLOONS
rREE BALLOONS
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Table A.3. Test Conditions for Test No. 3

TRW TEST NO. 3 NWC TEST NO. CTS TEST NO. 3
TEST SITE CTS, within a 15 ft x 15 ft screened enclosure

TEST SAMPLE Flat Plate, Thornel 300/Navmco 5208
1 ft x 1 ft x 1/4 in

TYPE OF BURN __ Hot Propane _ ____ EXPLODE MODE . Delayed = _
BURN DURATION ___20 minutes CONFIGURATION ___8 ea 1/2 oz (-4
BURN LOCATION ___Center of Pad
BURN DATE 12-13-77

TIME OF BURN

EXPLODE LOCATION _Center of Pad
EXPLODE DATE 12-13-77

PASSIVE INSTRUMENTATION

TIME OF EXPLODE

ACTIVE INSTRUMENTATION

SP SHEETS LED
SP STRIPS MICROWAVE
SP ROLLS BALL
TUNA CANS LADAR 1
BV VUGRAPHS TC IN SAMPLE 2
BV FRAMES TC IN FLAME ]
BV LADDER VELOCIMETER
MILLIPORES
PAD COLLECTION METEOROLOGY
SWEEP BRIGADES THERMOCOUPLES
PHOTOGRAPHY VANES
ANEMOMETERS 1

INFRARED IMAGING

MOVIES

A-4

SMOKE GENERATORS

CAPTIVE BALLOONS

FREE BALLOONS




Table A.4. Test Conditions for Test No. 4§

TRW TEST NO. 4 NWC TEST NO. 1 CTS TEST NO.
TEST SITE NWC
TEST SAMPLE Flat Plate, Thornel 300/Narmco 5208
1 ft x1 ft x 1/4 in

TYPE OF BURN —_Propane EXPLODE MODE Delayed
BURN DURATION ___20 miputes _ ____ CONFIGURATION __]_ea 2-0z C-4
BURN LOCATION Ground Zero
BURN DATE 1-24-78 EXPLODE LOCATION _Ground Zero
TIME OF BURN 1102 EXPLODE DATE 1-24-78

TIME OF EXPLODE 1247
PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTATION
SP STANDS 34 LED 20
SP STRIPS 44 MICROWAVE 6
SF ROLLS 3 BALL 6
TUNA CANS 77 LADAR
BV VUGRAPHS TC IN SAMPLE 3
BV FRAMES TC IN FLAME 1
BV LADDER VELOCIMETER
MILLIPORES 99
PAD COLLECTICN METEOROLOGY
SWEEP BRIGADES THERMOCOUPLES a
PHOTOGRAPHY VANES 6_
INFRARED IMAGING 2 ANEMOMETERS ?
MOVIES A SMOKE GENERATORS

CAPTIVE BALLOONS 2

FREE BALLOONS
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Table A.5.

Test Conditions for Test No. 5

TRW TEST NO. 5 NWC TEST NO. 2 __ _ CTS TEST NO.
TEST SITE N
TEST SAMPLE Flat Plate, Thornel 300/Narmco 5208

1 ftx1 ft x1/4 in

TYPE OF BURN

Hot Propane

EXPLODE MODE

BURN DURATION ___20 minutes CONFIGURATION 1 ea 2-0z C-4
BURN LOCATION ___Ground Zero

BURN DATE 2-1-78 EXPLODE LOCATION _Ground Zero
TIME OF BURN 0841 EXPLODE DATE

PASSIVE INSTRUMENTATION

SP STANDS

SP STRIPS

SP ROLLS

TUNA CANS

BV VUGRAPHS

BV FRAMES

BV LADDER
MILLIPORES

PAD COLLECTION
SWEEP BRIGADES

PHOTOGRAPHY

INFRARED IMAGING
MOVIES

A-6

19
44

11
154

44

99

TIME OF EXPLODE

ACTIVE INSTRUMENTATION

LED
MICROWAVE
BALL

LADAR

TC IN SAMPLE
TC IN FLAME
VELOCIMETER

METEOROLOGY

THERMOCOUPLES
VANES
ANEMOMETERS
SMOKE GENERATORS
CAPTIVE BALLOONS
FREE BALLOONS

20

—Jw-—l\ob‘

N = OOy OO




Table A.6. Test Conditions for Test No. 6

TRW TEST NO. 6 NWC TEST NO. ___3 ______CTS TEST NO.
TEST SITE NWC
TEST SAMPLE Flat Plate, Thornel 300/Narmco 5208

1 ft x1ft x1/4 in

TYPE OF BURN _Hot Propane

BURN DURATION 20 minutes

BURN LOCATION _Ground Zero
BURN DATE 2-15-78

TIME OF BURN __ 1537

PASSIVE INSTRUMENTATION

SP STANDS 19
SP STRIPS 44
SP ROLLS 7
TUNA CANS 226
BV VUGRAPHS 44
BV FRAMES

BV LADDER

MILLIPORES

PAD COLLECTION

SWEEP BRIGADES

PHOTOGRAPHY

INFRARED IMAGING 2
MOVIES 2

EXPLODE MODE ——_ Delayed .
CONFIGURATION 1 ea 2-0z C-4

EXPLODE LOCATION _Ground Zero
EXPLODE DATE 2-16-18
TIME OF EXPLODE _0755

ACTIVE INSTRUMENTATION

LED ' 20
MICROWAVE
BALL

LADAR

TC IN SAMPLE
TC IN FLAME
VELOCIMETER

- (L) = O (O

METEOROLOGY

THERMOCOUPLES
VANES
ANEMOMETERS
SMOKE GENERATORS
CAPTIVE BALLOONS
FREE BALLOONS

N [=— Oy O OO
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Table A.7.

Test Conditions for Test No. 7

TRW TEST NO. y 2 NWC TEST NO. 3+ CTS TEST NO.
TEST SITE __NWC

TEST SAMPLE ~ (Calibration Shot - No Sample)

TYSE OF BURN _None EXPLODE MODE — No Delay
BURN DURATION CONFIGURATION ___1 ea 2-o0z C-4

BURN LOCATION

BURN DATE EXPLODE LOCATION Ground Zero

TIME OF BURN EXPLODE DATE 2-17-78

PASSIVE INSTRUMENTATION

SP STANDS
SP STRIPS

SP ROLLS

TUNA CANS

BV VUGRAPHS

BV FRAMES

BV LADDER

MILLIPORES

PAD COLLECTION

SWEEP BRIGADES

PHOTOGRAPHY
INFRARED IMAGING

MOVIES

A-8

TIME OF EXPLODE _0823

ACTIVE INSTRUMENTATION

LED
MICROWAVE
BALL

LADAR

TC IN SAMPLE
TC IN FLAME
VELOCIMETER

METEOROLOGY

THERMOCOUPLES
VANES
ANEMOMETERS
SMOKE GENERATORS
CAPTIVE BALLOONS
FREE BALLOONS

N | o [ o




Table A.8. Test Conditions for Test No. 8

TRW TEST NO. 8
TEST SITE NWC

NWC TEST NO. ___ 4 _____CTS TEST NO.

TesT sAMpLE __Barrel, Carbon Composite, AS/APCO 2434 Fiber/Resin System.

2 ft dia x 3 ft barrel cut up into 12 segments

TYPE OF BURN —_Hot propane EXPLODE MODE Delayed
BURN DURATION __ 20 minutes/burn CONFIGURATION __1 €a 2 oz C-4
BURN LOCATION __Ground Zero

BURN DATE 3-6-78, 3-7-78 EXPLODE LOCATION __6round Zero
TIME OF BURN EXPLODE DATE 3-8-78

TIME OF EXPLODE 0757

PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTATION

SP STANDS - 90 LED 20
SP STRIPS 222 MICROWAVE 5
SP ROLLS BALL 9
TUNA CANS 226 LADAR 1
BV VUGRAPHS a4 TC IN SAMPLE
BV FRAMES 30 TC IN FLAME 1
BV LADDER VELOCIMETER
MILLIPORES
PAD COLLECTION ] METEOROLOGY
SWEEP BRIGADES THERMOCOUPLES 8
PHOTOGRAPHY VANES 6
INFRARED IMAGING 2 ANEMOMETERS <
MOVIES 9 SMOKE GENERATORS

CAPTIVE BALLOONS 3

FREE BALLOONS
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Table A.9. Test Conditions for Test No. 9

TRW TEST NO. NWC TEST NO. S _____CTS TEST NO.
TEST SITE
TEST SAMPLE __Half Barrel, carbon composite AS/APCO 2434 fiber/resin system

2 ft dia x 3 ft

TYPE OF BURN JP-5 3 1bs Mg & Al

BURN DURATION _1st 3 min, 2nd 6 min

BURN LOCATION _See Text

EXPLODE MODE None
CONFIGURATION

BURN DATE 3-23-78

TIME OF BURN _lst 112

PASSIVE INSTRUMENTATION

SP STANDS

SP STRIPS

SP ROLLS

TUNA CANS

BV VUGRAPHS

BV FRAMES

BV LADDER
MI.LIPORES

Pa[: COLLECTION
SwEEP BRIGADES

PHOTOZRAPHY

INFRARED IMAGING
MOVIES

A-10

90

222

30

EXPLODE LOCATION
EXPLODE DATE
TIME OF EXPLODE

ACTIVE INSTRUMENTATION

LED
MICROWAVE
BALL

LADAR

TC IN SAMPLE
TC IN FLAME 1
VELOCIMETER

METEQROLOGY

THERMOCOUPLES
VANES 6
ANEMOMETERS 6
SMOKE GENERATORS
CAPTIVE BALLOONS 3

FREE BALLOONS 10-20




Table A.10. Test Conditions for Test No. 10

TRW TEST NO.

TEST SITE NWC

NWC TEST NO. 6  CTS TEST NO.

TEST SAMPLE _Half Barrel, carbon composite, AS/APCO 2434 fiber/resin system

plus half barrel debris from Test 9 (NWC 5)

TYPE OF BURN

BURN DURATION

5 minutes

BURN LOCATION

EXPLODE MODE — — Explode in Plume
CONFIGURATION 1 ea 2 0z C-4

BURN DATE

TIME OF BURN

PASSIVE INSTRUMENTATION

SP STANDS

SP STRIPS

SP ROLLS

TUNA CANS

BV VUGRAPHS

BV FRAMES

BV LADDER
MILLIPORES

PAD COLLECTION
SWEEP BRIGADES

PHOTOGRAPHY

INFRARED IMAGING
MOVIES

90

222

30

EXPLODE LOCATION __See Text
EXPLODE DATE 3-24-78
TIME OF EXPLODE 1605

ACTIVE INSTRUMENTATION

LED
MICROWAVE
BALL

LADAR

TC IN SAMPLE
TC IN FLAME
VELOCIMETER

METEOROLOGY

THERMOCOUPLES 8
VANES 6
ANEMOMETERS 6
SMOKE GENERATORS
CAPTIVE BALLOONS 3
FREE BALLOONS 10-20




Table A.11. Test Conditions for Test No. 11

TRW TEST NO. 1 NWC TEST NO. __ 1A CTS TEST NO.____
TEST SITE NWC

TEST SAMPLE ___Spoilers (3 ea), T300/5209 composite skins (originaily
identified incorrectly as AS/3501), aluminum fittings and

honeycomb inner structure.

TYPE OF BURN —JP-5 EXPLODE MODE None
BURN DURATION __4 minutes CONFIGURATION

BURN LOCATION __See Text

BURN DATE 5-3-78 EXPLODE LOCATION

TIME OF BURN 1045 EXPLODE DATE

TIME OF EXPLODE

PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTATION
SP STANDS 90 LED 20
SP STRIPS 262 MICROWAVE 4
SP ROLLS BALL 8
TUNA CANS LADAR 1
BV VUGRAPHS 10 TC IN SAMPLE 3
BV FRAMES 30 TC IN FLAME 2
BV LADDER 342 VELOCIMETER |
MILLIPORES
PAD COLLECTION | METEOROLOGY
SWEEP BRIGADES 4 THERMOCOUPLES 5
PHOTOGRAPHY VANES
INFRARED IMAGING 2 ANEMOMETERS
MOVIES 5 SMOKE GENERATORS
CAPTIVE BALLOONS 3
FREE BALLOONS 10-20
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Table A.12. Test Conditions for Test No. 12

TRW TEST NO. 12 NWC TEST NO. ___11B TS TEST NO.
TEST SITE NWC

TEST SAMPLE __Spoilers (3 ea) debris from Test 11A (T300/5209 composite skins
(originally identified incorrectly as AS/3501), aluminum fittings

and honeycomb inner structure.

TYPE OF BURN JP-5 EXPLODE MODE —Explode in Plume
BURN DURATION ___7 minutes CONFIGURATION 1 ea 2 oz C-4
BURN '.OCATION ___See Text

BURN DATE 5-4-78 EXPLODE LOCATION _Ground Zero
TIME OF BURN i234 EXPLODE DATE 5-4-78

TIME OF EXPLODE __1236.5

PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTATION
SP STANDS - 90 LED 20
SP STRIPS 262 MICROWAVE 4
SP ROLLS BALL 8
TUNA CANS LADAR 1
BV VUGRAPHS TC IN SAMPLE
BV FRAMES 30 TC IN FLAME
BV LADDER 342 VELOCIMETER 1
MILLIPORES
PAD COLLECTION 1 METEQROLOGY
SWEEP BRIGADES THERMOCOUPLES £
PHOTOGRAPHY VANES 3
INFRARED IMAGING 2 ANEMOMETERS 2
MOVIES 5 SMOKE GENERATORS .
CAPTIVE BALLOONS
FREE BALLOONS 10-20

A-13



Table A.i3. Test Conditions for Test No. 13

TRW TEST NO. 13

TEST SITE NWC

NWC TEST NO. __12A ____CTS TEST NO.

TEST SAMPLE _F-16 Cockpit, partially fabricated of carbon fiber composite

material

TYPE OF BURN JP-5

BURN DURATION 6 minutes

BURN LOCATION See Text

EXPLODE MODE None

CONFIGURATION

BURN DATE 5-5-78

TIME OF BURN 1145

PASSIVE INSTRUMENTATION

SP STANDS 90
SP STRIPS 262
SP ROLLS

TUNA CANS

BV VUGRAPHS

BV FRAMES 30
BV LADDER 342
MILLIPORES

PAD COLLECTION 1
SWEEP BRIGADES 2
PHOTOGRAPHY

INFRARED IMAGING 2
MOVIES 2

A-14

EXPLODE LOCATION

EXPLODE DATE

TIME OF EXPLODE

ACTIVE INSTRUMENTATION

LED
MICROWAVE

20

BALL

LADAR

TC IN SAMPLE

TC IN FLAME

VELOCIMETER

- | (O >

METEOROLOGY
THERMOCOUPLES

VANES

ANEMOMETERS

W jw o

SMOKE GENERATORS

CAPTIVE BALLOONS

FREE BALLOONS




Table A.14. Test Conditions for Test No. 14

TRW TEST NO. 14

NWC TEST NO. 12K CTS TEST 0.
TEST SITE NWC '

TEST SAMPLE Flat Plate, Thornel! 300/Narmco 5208

1 ftx1 ft x1/4 in

TYPE OF BURN —_Hot Propane
BURN DURATION __20 minutes
BURN LOCATION
BURN DATE 5-8-78
TIME OF BURN __1615

EXPLODE MODE _Delayed
CONFIGURATION 1 €a 2 oz C-4

EXPLODE LOCATION _Ground Zero
EXPLUDE DATE 5-9-78

TIME OF EXPLODE _0835

ACTIVE INSTRUMENTATION

PASSIVE INSTRUMENTATION

SP STANDS ' 90 LED
SP STRIPS 142 MICROWAVE
SP ROLLS BALL
TUNA CANS LADAR
BV VUGRAPHS _ TC IN SAMPLE 3
BV FRAMES TC IN FLAME 1
BV LADDER 342 VELOCIMETER
MILLIPORES
PAD COLLECTION ! METEOROLJGY
SWEEP BRIGADES THERMOCOUPLES 5
PHOTOGRAPHY VANES 3
INFRARED IMAGING ANEMOMETERS 3
MOVIES SMOKE GENERATORS

CAPTIVE BALLOONS 3

FREE BALLOONS
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Table A.15. Test Conditions for Test No. 15

TRW TEST NO. 15 NWC TEST NO. _13A_____CTS TEST NO.

TEST SITE NWC

TEST SAMPLE _Flat Plate, Thornel 300/Narmco 5208

1ftx1 ft x 1/4 in

TYPE OF BURN —_Hot Propane EXPLUOE MODE . Delaved
BURN DURATION __20 minutes _ CONFIGURATION __1 ea 2 oz C-4

BURN LOCATION
BURN DATE _5-9-78
TIME OF BURN __082]

EXPLODE LOCATION __Ground Zero
EXPLODE DATE 5-9-78
TIME OF EXPLODE 1259

PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTATION

SP STANDS 90 LED
SP STRIPS 142 MICROWAVE
SP ROLLS BALL
TUNA CANS LADAR
BV VUGRAPHS TC IN SAMPLE 3
BV FRAMES TC IN FLAME 1
BV LADDER 342 VELOCIMETER
MILLIPORES
PAD COLLECTION 1 METEOROLOGY
SWELP BRIGADES THERMOCOUPLES
PHOTOGRAPHY VANES
ANEMOMETERS

INFRARED IMAGING
MOVIES
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SMOKE GENERATORS
CAPTIVE BALL™"NS
FREE BALINNS
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