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DATA REDUCTION AND ANALYSIS OF 
GRAPHITE FIBER RELEASE EXPERIMENTS 

Paul Lieberman, A lber t  R. Chovit,  Benjamin Sussholz 
and Howard F. Korrnan 

TRW Defense and Space Systems Group 

SUMMARY 

A ser ies o f  burn and explode t e s t s  and burn-only t e s t s  have been performed f o r  
p la te,  barre l ,  s p o i l e r  and cockp i t  samples conta in ing var ious amounts o f  carbon 
f i b e r  composite mater ia l .  Measurements o f  the f i b e r  concentrat ions and deposi- 
t i o n  charac ter is t i cs  were made by means o f  a c t i v e  and passive inst rumentat ion 
supplemented by photographic and meteorological data. 

Results of burning the p l a t e  and bar re l  samples over ho t  propane burner f o r  20 
minutes and subsequently exploding the  post-burn residue i n d i c a t e d  t h a t  the  
ma e r i a l  was pro jected t o  heights of almost l o g  feet, and t h a t  concentrat ions o f  

had developed w i t h i n  a range of 300 f e e t  o f  the explosion f o r  f i b e r s  i n  3 t o  
20 mm length i n t e r v a l s .  
hazards p o t e n t i a l .  

Higher concentrat ions and exposures were measured when the  f i b e r  lengths i n  the 
range o f  1 t o  3 mm were included. 
ca l  hazards p o t e n t i a l .  
s i n g l e  f i b e r s  and clumps. 
1 - 2 mn length i n t e r v a l  and about l - p l y  i n  diameter, w i t h  the  next  l a r g e s t  
numbers also i n  the  range o f  1 - 2 n length  about 1 f i b e r  ( 5 - 1 0 ~ )  diameter. 
I n  the 1 - 20 m length i n t e r v a l  measurement, the average f i b e r  length was be- 
tween 2 and 3 mm. The f r a c t i o n  of mass o f  the  i n i t i a l  p l a t e  t h a t  was emi t ted 
as s ing le  f i b e r s  w i t h  lengths between 1 and 20 rnm was between 0.005 t o  0.015% 
mass based upon i n t e g r a t i o n  o f  the mass deposited i n  the ground f o o t p r i n t .  
bar-re1 samples composed o f  Hercules AS carbon f i b e r  a l s o  r e s u l t t d  i-n the  greatest  
number o f  s i n g l e  f i b e r s  being measured i n  the range o f  1 - 2 mn lengt!-s,  and 
a lso i n  t h e  emission o f  c l u s t e r s  o f  f i b e r s  t h a t  formed f e a t h e r - l < k e  s t ruc tu res  
which were e a s i l y  c a r r i e d  by the wind t o  3000 f t  ranges and beyolld. 

The intermediate s i z e  2 0 - f t  by 2 0 - f t  JP-5 f i r e  was used t o  burn the b a r r e l  sample 
i n  one t e s t  where only movies were taken. 
then 6 minutes. 
bar re l .  
e a r l y  p o r t i o n  o f  the burr,. 
t e s t  techniques were formulated i n  these two tes ts .  These h igh f i r e  and smoke 
plumes resu l ted  i n  b a r r e l  feathers beicg l o f t e d  and blown downrange t o  d i s -  
tances o f  1000 ft. 
burning the a i r c r a f t  s p o i l e r  over a 40 f t  by 60 f t  JP-5 j e t  f u e l  pool f i r e  f o r  
4 minutes wi thout  any explosion dur ing one t e s t ;  a 7-minute burn and explode i n  
the next tes t ;  and a 6-minute burn-only on an a i r c r a f t  cockp i t  s t r u c t u r e  i n  the  
next  t e s t  ind ica ted  t h a t  the plume rose 4000 f t  i n  a l t i t u d e  and t h a t  carbon 
f i b e r  s t r i p s  were being generat71 t h a t  were  f l o a t e d  6000 f t  downrange. The 

10 5 f ibers  per cubic meter and ex, 3sures o f  10 f iber-seconds per cubic meter 

The length i n t e r v a l  i s  o f  importance t o  the e l e c t r i c  

However, these lengths are o f  lesser  e l e c t r i -  
The Thornel 300 carbon f i b e r s  from t h e  p l a t e  t e s t s  formed 

The la rges t  number o f  f i b e r s  generated were i n  t h e  

The 

The f i r e  burned f o r  3 minutes and 
The same s ize  f i r e  was used again t o  burn and then explode the  

This f i r e  burned f o r  5 minutes bu t  the explosion took place dur ing  the  
L imi ted data was taken and the burn and burn/explode 

One s t r i p  was 10" by 1" a t  the  1000 f t  range. Results of 
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s ing le  f i b e r  environment as measured by b r i d a l  v e i l  sensors showed several  orders 
o f  magnitude lower exposures i n  the 300 ft from ground zero from ?he 40 ft by 
60 ft f i r e  as compared t o  the  propane burner tes ts .  The rap id  and sudden heat- 
i n g  o f  the  few p l y  a i r c r a f t  s t ruc tu res  q u i c k l y  delaminated the  composites and 
sent the i n d i v i d u a l  lamina s t r i p s  up i n t o  the  plume f o r  depos i t ion  1000 - 3000 
ft downrange. 

The carbon f i b e r s  imbedded i n  the  40 p l y  s t r u c t u r e  of the  p l a t e  d i d  no t  experience 
the  ox ida t ion  t h a t  the t h i n  p l y  s t ruc tu res  of the ba r re l ,  s p o i l e r s  and cockp i t  
d id.  The l a t t e r  th ree  s t ruc tu res  had t h e i r  f i b e r s  experience a 30 percent de- 
crease i n  diameter on the  average. Subsequent TRW l abora tory  t e s s  i nd i ca ted  
two important trends. F i r s t ,  carbon f i b e r s  reac t  w i t h  s u f f i c i e n t  r a p i d i t y  a t  
2000F temperatures t h a t  even a few minutes exposure w i l l  cause neasurable mass 
loss.  Second, t h e  presence o f  t he  r e s i n  acts as a ca ta l ys t ,  so t h a t  even lower 
temperatures achieve the same mass loss  i n  a few minutes. 

I n  the  case o f  burn-only f o r  the  a i r c r a f t  s p o i l e r  and cockp i t  samples w i t h i n  a 
j e t  f u e l  pool f i r e  resu l ted  i n  a plume o f  about 4000 ft height, and e s s e n t i a l l y  
benign l o c a l  environments w i t h  regard t o  s i n g l e  f i b e r s  b u t  the  depos i t ion  o f  
l a rge  scale carbon f i b e r  composite s t r i p s  o f  about 1 p l y  th ickness over a range 
of  1000 t o  3000 ft. 

Previous t e s t s  o f  tb,is nature r e l i e d  s o l e l y  on passive instrumentat ion f o r  f i b e r  
deposi t ion d i s t r i b u t i o n s .  . A number o f  unique innovat ions i n  measurement techn i -  
ques were introduced i n  the present program such as namely; l i g h t  e m i t t i n g  diode 
instruments, microwave gages, ladar, i n f r a r e d  imaging camera, LC depos i t ion  h + - ,  
t o r y  gage and flame velocimeter. The t o t a l  spectrum o f  instrumentat ion i n c - .  
i n g  passive as w e l l  as e x i s t i n g  and newly developed a c t i v e  elements pe rm i t t t  
the measurement of concentrat ion h i s t o r i e s  and f i b e r  d i s t r i b u t i o n s ,  and y i r l t z$  
considerable data regarding the  f i b e r  c loud dynamics dur ing the  course o f  pro- 
pagation over the  instrumentat ion network. 

It was poss ib le  t o  d ' i f f e r e n t i a t e  between the  fam i l y  o f  sma!ler f i b e r  clouds t h a t  
comprised the  ove ra l l  f i b e r  cloud and t o  separate the  detonat ion product gases 
from the  r a p i d l y  f a l l i n g  f i b e r  cloud. 
t ed  t rack ing  the  f l y i n g  debr is i ns ide  the  smoke plume. 

Correlat ions were establ ished by means o f  empi r i ca l  equations r e l a t i n g  the  
meteorological data and plume measurements. 

I n  add i t ion ,  the  i n f r a r e d  camera permit-  

Use o f  cornme;-cial products o r  names o f  manufacturers i n  t h i s  r e p o r t  does n o t  
cans t i  t u t e  o f f i c i a l  endorsement of such products o r  manufacturers, e i t h e r  
expressed or imvl ied, by the Flational Aeronautics and Spa e Administrat ion.  
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1. INTRODUCTION 

?he in t roduc t i on  o f  carbon/graphi t e  composi t e  mater ia l  s t ruc tu res  fqr a i r c r a f t  
s t ruc tu res  i s  increasing f o r  both m i l i t a r y  a i r c r a f t  and f o r  commercial a i r c r a f t ,  
The use o f  t h i s  composite ma te r ia l  r e s u l t s  i n  considerable weight savings and 
thus i t ?  increased a i r c r a f t  performance and/or eventual decreased opera t ing  costs. 
Unfortunately, w i t h  these advantages there  a lso  a r i ses  d disadvantage n o t  ever 
experienced w i t h  metal s t ruc tu res .  Namely, when a composite s t r u c t u r e  b u r m  and 
t h e  r e s u l t i n g  char i s  j o s t l e d ,  a c loud o f  a i rborne  conductive f i b e r s  i s  released 
which w i l l  cause damage t o  e l e c t r i c a l  f a c i l i t i e s  downwind o f  t h e  f i r e .  The m i l i -  
t a r y  has been inves t i ga t i ng  the  cart.. , f i b e r  problem fo r  over the  past s i x  years. 
NASA has been involved i n  i nves t i ga t i ons  concerning comnercial a i r c r z f t  f o r  over 
the  past year. 

Under an A i r  Force contract ,  TRW has s tud ied  the burn and burn/explode e f f e c t s  
on a i r c r a f t  s t ruc tu res  i n  a se r ies  of f i f t e e n  outdoor tes ts .  The t e s t s  were 
conducted by TRW a t  the  TRW Capistrano Test S i te ,  San Clemente, C a l i f o r n i a  and 
a t  the  Naval Weapon Center, China Like, C a l i f o r n i a  during tbe  per iod  November 
1977 through May 1978. The purpose of the  t e s t s  was 1 )  t o  v;rify the  r e s u l t s  
obtained i n  previous burn and explode t e s t s  of carbon/graphi t e  composite samples 
conducted i n  a closed chamber a t  the  Naval Surface Weapon Center, Dahlgren, 
V i r g i n i a  and 2 )  t o  simulate a i r c r a f t  acLldent scenarios i n  which carbon/yaph i  t e  
f i b e r s  wo?ild be released. 

The primary e f f e c t s  t h a t  were t o  be i nves t i ga ted  i n  these t e s t s  were t h e  amount 
and s i ze  d i s t r i b u t i o n  of the  conductive f i b e r s  released from t h e  composite s t ruc -  
tures, and how these var ious s izes of f i b e r s  were t ransported downwind. The 
s t ruc tu res  included plates,  bar re ls ,  a i r c r a f t  , :po i lers  and a cockp i t .  The heat 
sources included a propane 3as burner and 20-7"; by 2 0 - f t  and 4 0 - f t  by 6 0 - f t  JP-5 
pool f i r e s .  (The 4 0 - f t  by 6 0 - f t  s i ze  JP-5 pool f i r e  was se lec ted  t o  s imulate an 
a i r c r a f t  accident incidei, '  which occurred i n  January 1978 a t  an A i r  Force i n s t a l -  
l a t i o n . )  The passive instrumentat ion included s t i c k y  paper and s t i c k y  b r i d a l  
v e i l  over an area 6000 f t  downwind and 3000 f t  crosswind. The a c t i v e  instrumen- 
t a t i o n  included instrumented meteorological towers, movies, i n f r a r e d  imaging 
camc, ;, LADAR, h igh  vo:tage b a l l  gagcs, l i g h t  e m i t t i n g  diode gages, microwave 
gages and f 1 ame vel  o c i  m t e r  . 
This instrumentat ion provided data t h a t  when reduced and analyzed would y i e l d  
1 )  f i b e r  deposi t ion,  concentrat ion and exposure in fo rmat ion  over the  regions of 
the  t e s t  s i t e  which were instrumented, 2 )  the  cha rac te r i s t i cs  o f  t h e  f i r e  and 
explosion plumes and 3 )  the ambient atmospheric condi t ions e x i s t i n g  dur ing  the  
tes ts .  

The data acquired i n  these tes ts  was reduced and ana1;zed by TRW under the sub- 
j e c t  NASA sponsored program. 'ihe r e s u l t s  Jbtained i n  t h i s  program are  repor ted  
i n  t h i s  document. 

The data reduct ion and analysis was performed dur ing  the pe r iod  Zu!) 1978 through 
February 1979 ahd included the i ,se o f  1 )  labora tory  techniques t o  analyze the  
cha rac te r i s t i cs  o f  the composite samples and released mater ia l  ; 2) systematic 

1-1 



data reduct ion techniques of t he  raw f i e l d  data obtained by t h e  passive and 
a c t i v e  instruments and 3) a n a l y t i c  evaluat ions of t he  data reduc t ion  r e s u l t s  t o  
provide q u a l i t a t i v e  and q u a n t i t a t i v e  descr ip t ions  of t h e  acc identa l  re lease 
th rea t  parameters. 

This data reduct ion and analys is  was conducted fo r  t h i r t e e n  o f  the fifteen tes ts ;  
the  l a s t  tm, t e s t s  a t  N K  were nct inc luded as p a r t  of t h i s  contracted e f f o r t .  

This r e p o r t  has been organized i n t o  the  f o l l o w i n g  sections: 

Section No. Descr ip t ion 

1 In t roduc t i on  
. 2  L i s t  o f  Symbols 

3 Descr ip t ion  o f  Test Program 
4 Passive Inst runentat ion:  

Data Reduction and Analysis 
5 Ac t i ve  Ins t r m e n t a t i  on : 

Data Reduction and Analysis 
6 Pho tq raph i  c and Heteoro log ica l  I ns t runen ta t  i o n  : 

Data Reduction and Analysis 
7 Results and Analyses 
8 Conclusions 

The in t roduc t i on  presents the  background and o v e r v i a  of t h e  program. The l i s t  
o f  symbols permits a ready'atcess t o  acronyms and symbols. 
the  t e s t  program gives a complete background of t he  o v e r a l l  program t o  permi t  
the reader t o  i n t e r p r e t  and use the  data, an overview o f  t h e  t e s t  program a t  t h e  
two t e s t  s i tes ,  a desc r ip t i on  of the two t e s t  s i t e s ,  t h e  t e s t  m a t r i x  o f  t h e  t e s t  
samples and t e s t  condit ions, and a desc r ip t i on  of the  ins t runenta t ion .  The p35- 
s i v e  ins t runenta t ion  sec t ion  describes the  data reduct ion methodology and equip- 
ment; s i t e  layout; photographs o f  t y p i c a l  raw data t o  show types o f  f i b e r  
c lus te rs  emittec; number and mass s i n g l e  f i b e r s  per length  i n t e r v a l  measured a t  
a s ta t ion ;  p a r t i c l e s .  per u n i t  area as a func t i on  of down range d is tance and o f  
cross-range distance and o f  v e r t i c a l  height; the  r e l a t i v e  occurrence o f  s ing le ,  
double, t r i p l e  f i b e r s  per  p a r t i c l e ;  mass f r a c t i o n  o f  s i n g l e  f i b e r s  a i t t e d ;  de- 
p o s i t i o n  f o o t p r i n t ;  w id th  and length of s t r i p s  i n  the depos i t ion  f o o t p r i n t ;  and 
ox ida t ion  r a t e  o f  the  carbon f i b e r s .  The a c t i v e  ins t runenta t ion  describes t h e  
a r r i v a l  t ime and dura t ion  o f  the  concentrat ion and mass f l u x  of t he  f i b e r  c loud 
a t  s p e c i f i c  stat ions,  t he  lengths o f  the f i b e r s  i n  the  cloud, and flame para- 
meters. The photographic and meteorological data describes the  f i r e  plune, smoke 
plume, f i b e r  cloud, and speed, wind d i r e c t i o n ,  and temperature gradients  mea- 
sured according t o  t e s t .  The r e s u l t s  and analyses sec t ion  s u m r i t e s  the  o v e r a l l  
t e s t  program. The conclusion sec t ion  ind ica tes  the  s i g n i f i c a n t  trends i n  the  
resol  t s .  

The desc r ip t i on  o f  

1-2 



A 

'i 

L 

m 

N ( t )  

Ni 

pc 

R 

t 

U 

xC 

'm 

zC 

cross sect ional  a a of sampling volune normal t o  

nwnber concentrat ion h is to ry ,  f ibers/m 

mass concentrat ion h is to ry ,  gm/m 

wid th  o f  sampling volume 

3 
wind d i rec t ion ,  3 

3 

average f i ber 1 eng t h  , m 

l eng th  of sampling voltme 

mass of s i n g l e  f ibers ,  gm 

mass f l u x  h is to ry ,  gm/m2-sec 

rider h i s t o r y  per unit time, f i b e r s l s e c  

number of f i b e r s  o f  length, li 

f i d u c i a l  p o i n t  f o r  photographic 

r a d i a l  d istance 

t ime 

wind ve loc i t y ,  mps 

hor i zon ta l  displacement of p u f f  

hor izon ta l  displacement o f  p u f f  

he ight  o f  p u f f  center 

he igh t  o f  p u f f  maxima 

data analys is  

center 

maxima 

plume leading edge angle w i th  hor izon ta l  

2-1 



DE FI N I T I  ilNS 

concentrat ion 

deposi t ion 

exposure 

Jacob's ladder 

mass f l u x  

spoi 1 e r  

1 ft 

1 i n  

mass or f i b e r  densi ty  

mass deposited per unit area 

i n t e g r a l  of concentrat ion over t i m e  

rope mesh laden w i t h  b r i d a l  v e i l  vugraphs 

r a t e  of passage o f  mass through a unit area 

long narrow p l a t e  along upper sur face o f  an 
a i rp lane  wing t h a t  may be r a i s e d  f o r  reducing 
l ift and increas ing drag 

CONVERSIONS 
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ABBREVIATIONS 

BRL 
an 
E 
Fastax 

fPS 

ft 

gm 
H 
I R  
i n  

kg 
LADAR 
LC 
LED 
m 
met 
m 

mPS 
N 
NWC 

P S t  

S 
sec 
T.C. 
TGA 
USA BRL 
V 
W 

v gm 
P 

B a l l  i s t i  c Resear :h Labwatory 
centimeter 
East 
f a s t  ac t ion  
feet per second 

ft 
gram 
hor i zon t a l  
i n f ra red  
inch 
k i  1 ogram 
laser  detecting and ranging device 
inductance - capacitance 
l i g h t  emi t t ing  diode 
meter 
meteorological 
m i  1 l i m t e r  
meters per second 
North 
Naval Weapon Center a t  China Lake, CA 
Paci f i c Standard T-I me 
South 
seconds 
thermocouple 
termal gravimetric analysis 
United States Army B a l l i s t i c  Research Laboratory 
v e r t i c a l  
West 
m i  cragr am 
micrometer - micron 
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3. DESCRIPTION OF TEST PROGRAM 

The t e s t  data t h a t  were reduced and analyzed i n  t h e  program repor ted  he re in  
were obtained i n  a t e s t  program conducted under an A i r  Force cont rac t .  A re -  
view o f  t h i s  .program i s  presented i n  Ref. 1. 
used i n  t h i s  sect ion.  The t e s t s  were conducted by TRW a t  the  TRW Capistrano 
Test S i te ,  San Clemente, C a l i f o r n i a  and a t  t he  Naval Weapon Center (NWC), China 
Lake, C a l i f o r n i a  du r ing  the  pe r iod  November 1977 through May 1978. The purpose 
o f  t he  tes ts  was 1) t o  v e r i f y  the r e s u l t s  obtained i n  previous burn and cxplode 
t e s t s  of carbon/graphite composite samples conducted i n  a closed chamber a t  
the  Naval Surface Weapon Center (NSWC/DL), Dahlgren, V i r g i n i a  and 2) t o  simu- 
l a t e  a i r c r a f t  accident scenarios i n  which carbon/graphite f i b e r s  would be 
re1 eased. 

Por t ions  o f  t h a t  document a r e  

I n  o rder  t o  p rov ide  background informat ion which i s  p e r t i n e n t  f o r  t he  complete 
i n t e r p r e t a t i o n  and u t i l i z a t i o n  o f  the  r e s u l t s  presented i n  t h i s  document, t h i s  
sec t ion  presents an overview desc r ip t i on  o f  t he  t e s t  program, a d e s c r i p t i o n  of 
the  t e s t  s i t e s ,  a desc r ip t i on  o f  t he  f i e l d e d  ins t rumenta t ion  t h a t  acquired the  
t e s t  data, and a d e t a i l e d  l i s t i n g  o f  the  cond i t ions  o f  each t e s t .  

TEST PROGRAM OVERVIEW 

A major o b j e c t i v e  i n  conducting the  acc identa l  re lease s imu la t ion  f i e l d  . tests 
was t o  ob ta in  fundamental emperical data which would permit  cha rac te r i za t i on  
o f  the carbon f i b e r  th rea t .  These data when reduced, analyzed and formatted 
would have formed the  data bank t o  support a n a l y t i c  source and t ransoor t  madel 
development e f f o r t s .  
the s t r u c t u r i n g  a f  t he  model algori thms, p rov ide  many o f  t he  emperical func t ion-  
a l  re la t i onsh ips  i n  t h e  models and form the basis f o r  checkout and v a l i d a t i o n  
o f  the m d e l s .  

Therefore, t h e  f i e l d  t e s t  r e s u l t s  would u l t i m a t e l y  g u i d e ,  

I n  order t o  assure t h a t  a t  the  completion o f  t h e  f i e l d  t e s t s  s u f f i c i e n t  appro- 
p r i a t e  data o f  the proper q u a l i t y  would be ava i lab le ,  a thorough ana lys is  was 
made o f  thc. t h r e a t  c h a r a c t e r i s t i c s  as they r e l a t e  t o  the  modeling requirements 
and accident scenario var iab les .  The r e s u l t s  o f  t h i s  ana lys is  impacted a l l  as- 
pects a f  t h e  t e s t  program; the  t e s t  plan, the t e s t  mat r i x ,  the  t e s t  s i t e  con- 
f i gu ra t i on ,  and most important, t he  s e l e c t i o n  o f  both the  a c t i v e  and passive 
instrumentat ion types and deployment. 

I n  t h i s  threat/model requirements analysis,  the  carbon release t h r e a t  charac- 
t e r l % L i c s  were d i v ided  i n t o  f i v e  categories as shown i n  Table 3.1. The f i r s t  
t w G  categories, source desc r ip t i on  and i n i t i a t i o n  mechanism, r e l a t e  t o  the  
,ccidental re lease scenarios t h a t  were simulated. The l a s t  th ree  categor ies,  
hazard o r  mater ia l  type release, propagation phenomenology and t h r e a t  d e f i n i t i o n  
parameters, a l l  r e l a t e  d i r e c t l y  t o  the  source/transport  m0de.l requirements. 
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Table 3.1 Threat Charac ter is t i cs  

SOURCE DESCRIPTION 

Mater ia l  Q u a n t i t y  
Composite Type 
S t r u c t u r a l  Conf igurat ion 

I N I T I A T I O N  MECHANISM 

Burn 
Burn/Impact 
Burn/Expl ode 

HAZARD RELEASE 
S i  ng l  e Fibers 
M u l t i p l e  Fibers 
C1 us t e r s  
Composite S t r i p s  

PROPAGATION PHENOMENOLOGY 

Plume L o f t i n g  
Cloud Transport 
F a l l o u t  Pat te rn  

THREAT DE FIN ITION 
Concentrat ion H i s t o r y  
Deposi t ion 
Size D i s t r i b u t i o n  
E l e c t r i c a l  Conduct iv i ty  

The scenario r e l a t e d  t h r e a t  c h a r a c t e r i s t i c s  were t r a n s l a t e d  i n t o  t h e  t e s t  r e -  
quirements f o r  e x c i t a t i o n  sources and t e s t  sample types. Major cons t ra in ts  i n  
spec i fy ing  these requirements were 1 )  t h e  necess i ty  f o r  adheri.!g as c l m e l y  as 
poss ib le  t o  t h e  t e s t  condi t ions o f  the NSWC/DL closed chamber t e s t s  t o  attempt 
t o  v e r i f y  those t e s t  r e s u l t s  under outdoor f i e l d  condi t ions,  2) t h e  a v a i l a b i l -  
i t y  of t e s t  samples and 3)  t e s t  range l i m i t a t i o n s  on t h e  t o t a l  amount o f  carbon/ 
g raph i te  composite mater ia l  t h a t  could be tested. 

Selected carbon/graphite composite samples were burned i n  e i t h e r  o f  two modes; 
a propane/air generated flame o r  JP-5 pool f i r e .  Both "cool"  (-1900OF) and 
"hot"  (-2600OF) propane flame tes ts  were conducted and two sizes o f  pool f i r e s  
were used, 20 ft x 20 ft and 40 ft x 60 ft, Subsequent t o  the sample propane 
burns, the  burned sample was exploded ( a f t e r  a one-hal f  t o  one hour de1a.y). I n  
the case o f  the JP-5 f i r e  t e s t s  o f  the b a r r e l s  and spo i le rs ,  the sample res idue 
from a JP f i r e  burn was replaced over a replenished JP-5 pool, t t \ e  JP fuel 
i g n i t e d  and a f t e r  the f i r e  s t a b i l i z e d  (approximately 40 t o  60 seconds), a C-4 
explosive charge was detonated under the sample. 
cont inue t o  burn minutes a f t e r  the explosion. Data was c o l l e c t e d  downwind 

The f i r e  was conf igured t o  
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af te r  both t h e  burn and t h e  burn/explode phases-of  these JP f i r e  t e s t s .  

Carbon composite p la tes  w i t h  dimensions o f  1 ft x 1 ft x 1/4 i n  th ickness were 
tes ted  u t i l i z i n a  orooane burns fo l lowed bv an explode phase. ExDerimental lv 
fabr icated composite b a r r e l s  were t e s t e d  under both propane burn and JP-5 pool  
f i r e  condi t ions w i t h  subsequent explosion phases. F i n a l l y ,  t e s t s  were conducted 
w i t h  a i r c r a f t  s p o i l e r s  and a F-16 cockp i t  which were burned i n  JP-5 pool f i r e s  
and i n  t h e  case o f  t h e  s p o i l e r  t e s t ,  subsequently exploded i n  a JP-5 pool f i r e .  

The t h r e a t  c h a r a c t e r i s t i c s  shown i n  Table 3.1 t h a t  r e l a t e  t o  the  modeling re -  
quirements, a re  l i s t e d  i n  t h e  f i r s t  column Table 3.2 .  I n  t h e  second column, 
each o f  the  t h r e a t  c h a r a c t e r i s t i c s  i s  t r a n s l a t e d  i n t o  the s e t  o f  parameters 
t h a t  de f ine  the t h r e a t  c h a r a c t e r i s t i c .  These a r e  the  parameters t h a t  were re-  
qu i red t o  be measured and f o r  which inst rumentat ion had t o  be se lected which 
would acqui re t h e  appropr ia te data. L i s t e d  i n  t h e  t h i r d  column are  t h e  measure- 
ment techniques o r  instruments which were se lected f o r  determining each corres-  
ponding se t  o f  parameters. These instruments provided the  raw f i e l d  data t h a t  
when appropr ia te ly  processed and analyzed would q u a n t i f y  each parameter f o r  
support ing t h e  source/transport  modeling a c t i v i t i e s .  

THREAT 
CHARACTERISTICS 

PARAMETERS TO 
BE MEASURED 

Tab1 e 3.2  Selected Measurement 

Plume L o f t i n g  

Plume L o f t i n g  
Cloud Transport 

P1 ume L o f t i n g  
Cloud Transport 

Cloud Transport 
Concentrat ion 

H i s t o r i e s  
Size D i s t r i t u t i o n  

Fa1 l o u t  Pat tern 
Deposi t ion 

Plume Gas V e l o c i t i e s  
Hor izonta l  A i r  Ent ra in-  

ment V e l o c i t i e s  

Time To I g n i t i o n  
Time t o  Combustion 

Compl e t  i on 

Detonation/Combustion 

Transport Proper t ies 
Cloud Rise 

Cloud T r a j e c t o r i e s  
Growth Envelope 
Concentrat ion H i s t o r i e s  

As Function o f  Re- 
leased F iber  Sizes 

Deposi t ion Densi t ies As 
Function o f  Cloud 

Techniques 

SELECTED MEASUREMENT 
TECHNIQUES 

F1 ame Velocimeter 
Movies 
I R  Scanning Camera 

Thermocouples 
Movies 

Flame Velocimeter 
Movies 
I R  Scanning Camera 
Meteorological  Sensors 

A l l  F ie lded Ac t ive  Sensors 
M i  11 i p o r e  
Tuna Cans 
Jacob's Ladder 

S t icky  Paper 
B r i d a l  V e i l  Frames 

Footpr in t  and Released Pad C o l l e c t i o n  
F iber  Sizes Sweep Brigades 
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Table 3.2 Selected Measurement Techniques (Cont.) 

THREAT PARAMETERS TO SELECTED MEASUREMENT 
CHAMCTERIST I CS BE MEASURED TECHNIQUES 

Hazard Re1 ease Mass Frac t ion  A l l  Passive c o l l e c t o r s  
Released as Supplemented by A c t i v e  
Funct ion o f  sensors 
Re1 ease F iber  
Sizes 

The parameters f o r  the  f i r s t  th ree  groups o f  t h r e a t  c h a r a c t e r i s t i c s  (which 
inc lude plume l o f t i n g  and c loud t ranspor t )  were measured by the s o l e  use o f  
a c t i v e  instruments. These instruments inc luded standard photoqraphic and 
temperature sensing techniques; a r e l a t i v e l y  complex I R  scanning and associated 
data reduct ion system; and a flame velocimeter, an instrument devised from ex- 
i s t i n g  labora tory  equipment s p e c i f i c a l l y  f o r  measuring t h e  flame v e l o c i t i e s  i n  
the JP pool f i r e s .  

A l l  o f  the  a c t i v e  sensors i n  the  f i e l d  wh icha lso inc luded L E D  gages, b a l l  gages, 
microwave gages and LADAR, were used t o  measure the  parameters r e l a t i n g  t o  the  
f o u r t h  group o f  t h r e a t  c h a r a c t e r i s t i c s  (c loud t ranspor t ,  concentrat ion h i s t o r i e s  
and released mater ia l  s i z e  d i s t r i b u t i o n ) .  Although t h e  measurement of  these 
parameters was best  accomplished by the a c t i v e  instruments, i t  was necessary t o  
augment the a c t i v e  instruments w i t h  a m i l l i p o r e  vacuum system, b r i d a l  v e i l  on 
tuna cans and a 90 ft x 90 ft "Jacob's Ladder" a r ray  w i t h  over 300 b r i d a l  v e i l  
c o l l e c t o r s .  
heights and over the  l a r g e  s i t e  areas t h a t  the l i m i t e d  number o f  expensive 
a c t i v e  instruments could no t  cover. 

This passive inst rumentat ion provided data sampling t o  the  v e r t i c a l  

The released mater ia l ,  f a l l o u t  and deposi t ion pat terns were measured by the so le  
use o f  passive instruments o r  c o l l e c t i o n  techniques. 
techniques were employed over extensive s i t e  arrays ranging from ground zero t o  
6000 ft down range and up t o  1500 f t  on e i t h e r  s ide o f  the  s i t e  c e n t e r l i n e .  

F i n a l l y ,  t h e  data requi red t o  measure the  mass f r a c t i o n  and s i z e  d i s t l - i b u t i o n  
o f  t h e  released mater ia l  were obtained by a l l  o f  the  f ie lded passive c o l l e c t o r s .  
I n  t h i s  case, the  pass ive ly  c o l l e c t e d  data was supplemented by data obtained 
by many o f  the  a c t i v e  measurement techniques. 

These passive c o l l e c t i o n  

A t o t a l  o f  f i f t e e n  f i e l d  t e s t s  were conducted i n  the program, th ree  a t  the TRW 
Capistrano Test S i t e  (CTS) and twelve a t  the  Naval Weapon Center (NWC) Test S i t e .  
I n  a l l ,  four  d i f f e r e n t  sample types were tested. 
given i n  Table 3.3. 
the  sec t ion  e n t i t l e d  Test Condi t ions.)  

A summary Test Mat r ix  i s  
( A more complete d e s c r i p t i o n  o f  each t e s t  i s  g iven i n  

This t e s t  matr fx  evolved adapt ive ly  i n  t h a t  the s e l e c t i o n  o f  t e s t  cond i t ions  
f o r  each subsequent t e s t  was based on the observations and r e s u l t s  obta ined 
from the p r i o r  t e s t s .  
i n t o  considerat ion informat ion from 1) f i e l d  observations r e l a t i n g  both t o  the 

As each t e s t  was conducted, an evaluat ion was made t a k i n g  
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charac te r i s t i cs  o f  t he  f i b e r  release and the  performance o f  t he  f i e l d e d  i n s t r u -  
mentation, 2) "quick look" data analyip5 performed on ' t h e  acquired a c t i v e  and 
passive data, 3) the  r e s u l t s  o f  p re- tes t  and pos t - tes t  l abo ra to ry  analyses, 4) 
the  da t -  requirements necessary f o r  u l t i n i a t e l y  d e f i n i n g  t h e  t h r e a t  cha rac te r i s t i cs ,  
5) guidel ines imposed by range sa fe ty  and scheduling cons t ra in t s  and 6) the  over- 
a l l  program ob jec t ives  and i n t e r i m  DoD program concerns and d i r e c t i v e s .  

A l l  o f  the t e s t s  employed both a c t i v e  and passive instrumentat ion.  The amount 
o f  instrumentation, t he  type o f  instruments employed i n  each t e s t  and the  l ay -  
out o f  the  instruments on the t e s t  s i t e  were based on p re - tes t  p red ic t i ons  o f  
the  ex ten t  and dens i ty  o f  the  released f i b e r  mater ia l .  

O f  the  f i f t e e n  tes ts ,  e i g h t  were conducted f o r  1 ft x 1 ft x 1/4 i n  carbon f i b e r  
composite f l a t  p lates.  I n  a l l  o f  these tests,  the  p l a t e  sample f i r s t  was burned 
and subsequently exploded by a C-4 explosive charge. 
the  explosion c h a r a c t e r i s t i c s  were sys temat ica l l y  var ied  from t e s t - t o - t e s t .  

The flame temperature and 

Three t e s t s  were conducted on 2 ft d i a  x 3 ft carbon composite ba r re l s .  
f i r s t  o f  t h e s t  t e s t s  a b a r r e l  was burned i n  a propane flame and subsequently ex- 
ploded. 
a 20 f t  x 20 f t  JP-5 f i r e  plune. The burned debr is remaining from the  second 
b a r r e l  t e s t  was combined w i t h  an unburned h a l f  b a r r e l  segment. Then both samples 
were burned f o r  several minutes and exploded w i t h i n  the f i r e  plume o f  a JP-5 
f i r e .  

Test Numbers 11 and 12 i nvo lved  th ree  a i r c r a f t  spo i l e rs  constructed o f  carbon 
f i b e r  composite mater ia l .  
w i t h i n  a 40 f t  x 60 ft 2P-5 f i r e  plume. 
Test Number 12. The debr is was placed over the  replenished JP f u e l  pool, the  
f u e l  i g n i t e d  and permit ted t o  burn f o r  approximately 40 seconds u n t i l  i g n i t i o n  
was complete and the f i r e  plume s tab i l i zed .  
was detonated under the  debr is  sample w i t h  the f i r e  cont inu ing  t o  burn f o r  ap- 
proximately f i v e  minutes. 

I n  the  

I n  the  second t e s t  a h a l f  b a r r e l  was exposed t o  heat ing  from 

I n  Test Number 11, the  th ree  s p o i l e r s  were burned 
The burned debr is was then used i n  

A t  t h i s  po in t ,  an explosive charge 

The l a s t  t e s t  t h a t  employed an a i r c r a f t  component was Test Number 13 i n  which an 
F-16 cockp i t  p a r t i a l l y  f ab r i ca ted  o f  carbon f i b e r  composite ma te r ia l  was burned. 
This t e s t  again used the  40 ft x 60 ft JP-5 f d e l  con f i gu ra t i on  and the  t o t a l  
burn t ime was approximately s i x  minutes. Due t o  a combination o f  subsequent ad- 
verse meteorological condi t ions and t e s t  schedule cons t ra in ts ,  no oppor tun i ty  
was ava i l ab le  t o  fol low-up w i t h  a burn and explode t e s t  o f  the  burned cockp i t  
debr is . 
The data acqu i r rd  i n  Test Nos. 1 through 13 i n  t h i s  t e s t  program provided the  
s t a r t i n g  p o i n t  f o r  the  data reduc t ion  and ana lys is  tasks performed under the  
subject  NASA program and reported i n  t h i s  document. (Reduction and ana lys is  
the  data from Test Nos. 14 and 15 was no t  included i n  t h i s  contracted e f f o r t  
The data reduct ion and ana lys is  performed i n  t h i s  NASA sponsored program i n c  
the use o f  laboratory techniques such as thermo-graviametric analyses (TGA), 
tes ts ,  chemical tes ts ,  a scanning e lec t ron  microscope, e t  a l ,  t o  analyze the 
cha rac te r i s t i cs  o f  the composite samples. 
pre-burned samples, the  sample debr is a f t e r  burn and the sample debr is a f t e r  

These analyses were performed on 

o f  
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he 

3-6 



burn/explode. Also, t he  data co l l ec ted  i n  the f i e l d  ( f rom each instrument type) 
f o r  each t e s t  was sys temat ica l l y  reduced; analyses of the  reduced data were per- 
formed t o  y i e l d  both a q u a l i t a t i v e  and q u a n t i t a t i v e  eva lua t ion  o f  the simulated 
accidental  re lease t h r e a t  parameters t o  the  ex ten t  the f i e l d  data permitted. 

TEST S I T E  CONFIGURATIONS 

The t e s t  program was conducted a t  two t e s t  s i t e s :  
(CTS), San Clemente, C a l i f o r n i a  and the Naval Weapon Center (NWC), China Lake, 
Ca l i f o rn ia .  The i n i t i a l  th ree  t e s t s  o f  the  t e s t  ser ies  were conducted by TRW 
a t  CTS dur ing the  months o f  November and December 1977. A l l  twelve subsequent 
t e s t s  were conducted by TRW a t  NWC dur ing the months January through May 1978. 

CAPISTRANO TEST SITE 

the TRW Capistrano Test S i t e  

The Capistrano Test S i t e  was selected f o r  conducting the  i n i t i a l  t e s t s  o f  the  
ser ies  on the  basis o f  several fac to rs .  
and the a v a i l a b i l i t y  of t he  t e s t  s i t e  permit ted an approximately two and one-half 
month e a r l i e r  implementation o f  the  t e s t  ser ies  thanotherw ise  would have been pos- 
s i b l e  due t o  unavoidable schedule cons t ra in ts  a t  t h e  NWC t e s t  s i t e .  These e a r l y  
tes ts ,  therefore, were accomplished w i thout  i n c u r r i n g  any schedule s l ippage o f  t h e  
t e s t s  a t  NWC. Second, informat ion obtained from these e a r l y  t e s t s  and t h e  nature 
of the t e s t  f a c i l i t y  conf igurat ion would p rov ide  q u a n t i t a t i v e  and q u a l i t a t i v e  
data t h a t  could be u t i l i z e d  t o  b e t t e r  p lan  and s t r u c t u r e  the  r e l a t i v e l y  more ex- 
pensiv. and extensive t e s t s  a t  NWC. This in fo rmat ion  included the f r a c t i o n  o f  
mater ia l  released from. the  mater ia l  samples under several t e s t  condi t ions,  and 
q u a l i t a t i v e  descr ip t ions  o f  the  released mate r ia l  mass, s ize,  form and d i s t r i -  
bu t i on  on the  t e s t  pad. 
t e s t  object ives,  t e s t  plans and procedures t h a t  would l a t e r  be employed i n  the  
NWC tes ts .  

F i r s t ,  t he  prox imi ty  t o  TRW Space Park 

. 

Third, these e a r l y  t e s t s  permit ted the  v e r i f i c a t i o n  of 

F ina l l y ,  the  CTS t e s t s  provided t ime ly  f i e l d  experience t o  a i d  i n  the develop- 
ment of: 

0 data c o l l e c t i o n  and ca ta log ing  procedures 
0 data reduct ion and i n t e r p r e t a t i o n  techniques 
0 instrumentation/data recording operat ing methods 
0 safe ty  and secu r i t y  requirements 

The t e s t  pad f a c i l i t y  a t  CTS consisted o f  an approximately 15 ft x 15 f t  x 15 ft 
s t ruc tu re  constructed of l i g h t  s t r u c t u r a l  s tee l  members, Figure 3.1. 
t u r e  was completely covered on a l l  sides and top  by f i be rg lass  screening w i t h  a 
mesh s i ze  o f  approximately 1 mm x 1 mm. 
e x i s t i n g  concrete pad. The burn and explode t e s t s  were conducted i n  the  center 
o f  t h i s  enclosure. 

This s t ruc-  

The s t r u c t u r e  was constructed on an 

The enclosing screen served th ree  purposes: 1)  i t  assured t h a t  e s s e n t i a l l y  a l l  
hazardous f i b e r s  t h a t  were released (g rea ter  than 1 mm) would be completely con- 
ta ined  thus safeguarding sensi t i v e  equipment and instruments t h a t  were loca ted  
a t  the s i t e  f o r  other TRW program purposes, 2 )  the screening e l im ina ted  b l a s t  
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wave reflections d u r i n g  the explode tes t  phase thus preserving the required am- 
bient outdoor t e s t  conditions, and 3) a l l  material released in the tes t s  
(greater t h a n  1 m m )  would be contained within the relatively small enclosure 
and thus, an accurate accounting of the amount and  type o f  material could be 
made. 

The instrumentation used for the CTS tes t s  included sticky paper, petri dishes, 
bridal veil t u n a  cans, millipore f i l t e r s ,  flame a n d  sample thermocouples, LED 
gages, ball gages, a microwave gage, pyrometer, and  s t i l l  a n d  motion picture 
cameras, b o t h  16 fps and  h i g h  speed. 

NAVAL WEAPON CENTER TEST SITE 

An aerial view of the f ie ld  tes t  s i t e  a t  the Naval Weapoa Ceiltor s t  China Lake, 
California i s  snown i n  Figure 3.2. The asphalt portiorr of t h !  e has dimen- 
sions of approximately 300 f t  x 300 f t  and i s  roughly hexdgon shape. W; t h i n  
the upwind end of the asphalt pad (r ight side i n  the photograp loc3ted a 
50 f t  x 50 f t  concrete pad, the center of which i s  designated .,,,,cltid zero." A l l  
propane tes t s  a n d  the 20 f t  x 20 f t  JP-5 pool f i r e  tes t s  were centered on the 
concrete pad. The center of the 40 f t  x 60 f t  pool f i r e s  was located approxi- 
mately 45 f t  upwind ( t o  the r ight)  of the edge of the asphalt pad. 

Figure 3.3 shows the dimensions of the asphalt t e s t  pad as well as some of the 
seni-permanent f ac i l i t i e s  and  instrumentation on the t e s t  s i t e .  

The control center was located approximately 500 f t  upwind of the asphalt pad 
a n d  cons,isted o f  three structures; the t e s t  control building which also served 
as a safety barricade, an instrumentation t r a i l e r  for d a t a  acquisition for  t h o  
active instruments, and  a meteorological instrumentation van  

The t e s t  s i t e  was oriented to take advantage of the usually prevailing south 
winds (which would blow from right t o  l e f t  .in Figure 3.2.) 

Limitations on cable lengths for  the active instrmentation confined the place- 
ment of th is  instrumentation primarily on the asphalt pad  with some units located 
on the desert floor approximately 300 f t  downwind from g r o u n d  zero, I n  addition, 
a vast number of passive collectors were placed in crosswind arrays b o t h  on the 
asphalt pad and on the desert floor. The passive collectors were located as  fa r  
downwind as 6000 f t  from the pad  and ranged crosswind 1500 f t  on e i ther  side of 
the north-south s i t e  center l ine.  
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TEST INSTRIMENTATION 

For the  purposes o f  c l a s s i f i c a t i o n ,  t he  ins t rumenta t ion  used i n  the  CTS and NYC 
t e s t s  f a l l  i n t o  fou r  categories: 1) passive, 2) ac t i ve ,  3)  photograhic and 
4) meteorological.  The d i f f e r e n t  sensors o r  instruments i n  each o f  these cate- 
gor ies  a r e  l i s t e d  below 

Category 1 Passive 
S t i cky  paper stands 
S t i c k y  paper s t r i p s  
S t i cky  paper r o l l s  
B r i d a l  v e i l  tuna cans 
B r i d a l  v e i l  vu graphs 
B r i d a l  v e i l  frames 
B r i d a l  v e i l  ladder vu graphs 
H i  1 1 i pore co l  i ectors 
Pad c o l l e c t i o n  
Sweep b r i  cjades 

Category 2 Ac t i ve  
LED 
Microwave 
B a l l  
LA DAR 
Thermocoupl e-sampl e 
Thennocouple-flame 
F l  ame vel oc ime t e r  

Category 3 Photographic 
I n f r a r e d  imaging 
Movies-visual and I R  

Category 4 Meteorological  
Thermocouples 
Vanes 
Anemometers 
Smoke p u f f  generator 
Captive bal loons 
Free bal loons 

The primary sensor system was the  pass ve instrumentat ion.  
s ive  sensors y i e l d  the f i b e r  deposit ior? per u n i t  area a t  downwind and cross- 
wind locat ions,  f o r  various f i b e r  leng th  i n t e r v a l s  and f i b e r  diameter i n t e r v a l s .  
The passive sensor i s  a simple, cheap and r e l i a b l e  device ( s t i c k y  paper, s t i c k y  

b r i d a l  v e i l ,  f i l t e r  paperyvacuum system, e tc . )  which can be d i s t r i b u t e d  over 
great areas w i t h  the spacing between sensors va r ied  t o  s u i t  the  s p e c i f i c  t e s t  
condi t ion,  

Data from the  pas- 

There has been frequent use o f  those passive systems i n  past 
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experiments. 
th is  document.. 

Passive sensors a re  the  corner-stone of the  t e s t s  discussed i n  

Although a c t i v e  sensors were used i n  e a r l i e r  tes ts ,  they were c a l i b r a t e d  on ly  
f o r  s ing le  f i be rs .  
ca l i b ra ted  f o r  m u l t i p l e  f i b e r s  and f i b e r  c lus te rs .  However, the  a c t i v e  sensors 
a re  considerably more c o s t l y  t o  purchase and i n s t a l l  than passive sensors, and 
therefore, were used i n  smal ler  numbers. 

I n  support o f  t h i s  t e s t  program, they were successful ly 

A l l  o f  the a c t i v e  instruments used i n  the  t e s t  ser ies requi red t h a t  t h e i r  data 
output be t raasmi t ted v i a  land l i n e s  t o  recordws located i n  an inst rumentat ion 
van. As such, t h e i r  use was r e s t r i c t e d  t o  l oca t i ons  w i t h i n  two o r  th ree  hundred 
meters from the inst rumentat ion van. These sensors ob ta in  t ime h i s t o r i e s  o f  
the f i b e r  cloucr concentrat ion f o r  a i d  i n  mathematical modeling o f  the a i r  t rans-  
p o r t  anddeposi t ion o f  the f i be rs .  The a c t i v e  sensors a l so  have the  c a p a b i l i t i .  
o f  studying the  overhead c loud t h a t  overshoots the f i e l d  o f  passive sensors a t  
ground leve l .  

The photographic instruments were used t o  record continuous t i m e  h i s t o r i e s  o f  
the  f i r e  plume and f i be r  c loud dur ing  each tes t .  
photographic data provides the  informat ion requ i red  f o r  t he  plume ard  carbon 
f i b e r  c loud t ranspor t  modeling. 

Reduction o f  the  recorded 

The meteorological instruments have a two- fo ld  purpose. F i r s t ,  they prov ide 
the data t h a t  character ize the atmospheric condi t ions under which the  t e s t s  
a re  conducted (again, these data a re  requi red f o r  the t ranspor t  modeling). 
Second, the  instruments provide wind v e l o c i t y  data t h a t  i s  observed dur ing  the 
t e s t  i n  r e a l  t ime t o  assure t h a t  the t e s t  i s  conducted w i t h i n  the spec i f j ed  
range safety  c r i t e r i a  and w i t h i n  the areal  deployment o f  the f i e l d e d  i n s t r u -  
mentation. 

PASSIVE INSTRUPIENTATION 

St icky  Paper i s . a  term used t o  i d e n t i f y  an adhesive coated paper t h a t  was used 
t o  c o l l e c t  the carbon f i b e r s  deposited dur ing  the tes ts .  The p a r t i c u l a r  paper 
used i n  the t e s t s  was manufactured by the  Con-tact Paper Co. ( p d r t  no. 2263) 
and was obtained i n  r o l l s  18 i n .  wide and 37.5 ft. i n  length.  This paper i s  
medium-weight stock, whi te  i n  c o l o r  and coated w i t h  a pressure s e n s i t i v e  type 
adhesive t h a t  does no t  d ry  out o r  loose i t s  s t i c k y  p roper t ies  w i t h  time, 
temperature o r  dew. This paper i s  manufactured w i t h  a p r o t e c t i v e  cover-paper 
over the adhesive coat ing.  When the tes ts  were ready t o  commence, the s t i c k y  
surface was ac t i va ted  by merely p u l l i n g  o f f  the cover-paper. 
o f  the t e s t ,  c l e a r  acetate sheets are appl ied t o  the s t i c k y  coat ing.  
preserves the data and prevents the adhesive from coming i n  contact  w i t h  other  
sheets when stacked and stored. 

A t  t h e  conclusion 
This 

S t icky  Paper Stands 
sheets o f  s t i c k y  paper. These por tab le  stands p r i m a r i l y  were deployed i r t  arrays 

are 2- foo t  h igh  wooden plat forms t h a t  support 8 i n  x 10 i n  
- . .  

on the asphal t  t e s t  pad and 50 t o  75 ft downwind o f  the-aspha l t  pad-. 

S t icky  Paper S t r l p s  are s t r i p s  o f  s t i c k y  paper cu t  6 inches wide and 8 feet 
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long. These s t r i p s  were s tap led t o  wood planks t h a t  .were  aced i n  arrays ap- 
proximately 300 f e e t  t o  3000 f e e t  downwind from ground zero and up t o  1500 f e e t  
east and west o f  the  t e s t  s i t e  center  l i n e .  A t  each sensor l o c a t i o n  f o r  s ta-  
t i ons  300 t o  600 f e e t  downwind o f  ground zero, two 8- foo t  wood planks were 
used. These planks were j o ined  i n  a por tab le  "T" con f i gu ra t i on  and provided 
with wooden b lock f e e t  which ra i sed  the  sensor p la t fo rm 2 t o  3 inches o f f  the 
ground. For each sensor l o c a t i o n  a t  the  1000, 1500, 2000 and 3G00-foot dwnwind 
s ta t ions  a s i n g l e  8 - foo t  board was used f o r  the  s t i c k y  paper s t r i p s .  
boards were placed d i r e c t l y  on the  ground surface. For some o f  the  tes ts ,  8- 
f o o t  s t i c k y  paper lengths were s tap led t o  both s ides of these boards. A t  t he  
conclusion o f  one tes t ,  the  exposed s t i c k y  paper was covered wi th acetate and 
co l lected.  A t  the  same time, the board was turned over and the paper backing 
s t r ipped from the remaining s t i c k y  paper. Thus, a second t e s t  could be con- 
ducted w i t h  a minimum o f  turn-around time. 

These 

S t i cky  Paper Ro l l s  a re  long s t r i p s  o f  s t i c k y  paper, 6 inches wide and 200 f e e t  
long. These s t r i p s  were fastened t o  narrow, 10- foot  long  wood planks t h a t  
were layed end-to-end i n  r a d i a l  pat terns on the  asphal t  pad. The 200-foot long  
r a d i a l  s t r i p s  extended ou t  downwind from near-ground zero every 5 t o  10 degrees 
on e i t h e r  s ide  o f  the  s i t e  north-south center l ine .  The boards were supported 
on stands two f e e t  h igh  t o  prevent r e i n t r a i n e d  f i b e r s  o f f  t he  pad from deposi t -  
i ng  on the  s t i c k y  paper s t r i p s .  

B r ida l  Ve i l  i s  a f i n e  ny lon n e t t i n g  sometimes c a l l e d  t u l l e .  This f a b r i c  was . 
used i n  several passive sensor conf igurat ions.  The b r i d a l  v e i l  has openings 
o r  a mesh s i ze  approximately l ' m m  by lmn and i s  a v a i l a b l e  i n  b o l t s  180 inches 
wide by 50 yards long. P r i o r  t o  a tes t ,  a s t i c k y  adhesive i s  e i t h e r  brushed o r  
sprayed on the b r i d a l  v e i l .  This adhesive i s  a pressure sens i t i ve  adhesive 
cons is t ing  o f  an a c r y l i c  emulsion made by Rohm and Haas Co., p a r t  no. RHOPLEX 
N-619. This adhesive has the unique proper ty  o f  remaining tacky f o r  several 
days under a l l  o f  the  erxountered ambient condi t ions o f  wind, temperature, 
dew and so la r  rad ia t i on .  As i n  the case o f  the s t i c k y  paper, the b r i d a l  v e i l  
i s  covered w i th  a c l e a r  acetate sheet before i t  i s  co l l ec ted  and stored. 

B r ida l  Vei l  Tuna Cans descr ibe the f o r m  o f  passive sensor t h a t  i s  made from a 
t i n  can ( t y p i c a l  tuna can s ize)  which has both ends removed and covered w i t h  a 
f ine  nylon n e t t i n g  over the  upwind end. The b r i d a l  v e i l  n e t t i n g  i s  he ld  i n  
p o s i t i o n  over the  tuna can opening by a rubber band. Seven tuna cans were 
fastened three f e e t  apar t  t o  v e r t i c a l  aluminum Doles 21 f e e t  high, Figure 3 . 4 -  
Crosswind arrays o f  n ine t o  eleven poles were deployed a t  s ta t i ons  ranging 
from 200 t o  275 fee t  downwind o f  ground zero. The b r i d a l  v e i l  end o f  the tuna 
can faced i n t o  the wind. 

B r ida l  Ve i l  Vugraphs are those passive c o l l e c t o r s  made by fasten ing b r i d a l  
v e i l  n e t t i n g  on a standard vugraph frame. These passSve sensors were deployed 
facing i n t o  the wind approximately three f e e t  o f f  the ground, approximately 
ten fee t  apar t  around the downwind per iphery o f  the asphal t  pad. These vu- 
graph sensors were a lso  used t o  determine the v e r t i c a l  and ho r i zon ta l  f i b e r  
deposi t ions i n  the  v i c i n i t y  o f  the  a c t i v e  instruments (LED, b a l l  and micro- 
wave gages) i n  order t o  v e r i f y  the c a l i b r a t i o n s  o f  the a c t i v e  instruments. 
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B r i d a l  Ve i l  Frames are la rge  h o r i z o n t a l l y  o r ien ted  frames constructed from 2 by 
4 lumber over which b r i d a l  v e i l  n e t t i n g  was s t re tched .and fastened w i t h  staples.  
These frames were 9 feet by 1C f e e t  i n - s i z e  and were ra ised three f e e t  o f f  t h e  
ground surface by 2 by 4 legs.  The b r i d a l  v e i l  frames were deployed a t  the  
600lbfoot downwind s ta t ion ,  spaced 100 f e e t  apar t  and extending crosswind 1500 
fee t  on e i t h e r  s ide o f  the t e s t  s i t e  center l ine .  

B r i d a l  V e i l  Ladder Vuqraphs (Jacob's Ladder) were used t o  prov ide f i b e r  ex- 
posure data by i n t e r c e p t i n g  a v e r t i c a l ,  crosswind cross sec t ion  o f  the  f i b e r  
c loud w i t h  an ar ray  o f  b r i d a l  v e i l  vugraphs. ?he Jacob's Ladder was constructed 
o f  v e r t i c a l  and hor izon ta l  strands o f  ny lon rope spaced f i v e  f e e t  apar t  t h a t  
formed a "screen" w i t h  a f i v e - f o o t  by f i v e - f o o t  mesh s ize.  Each i n t e r s e c t i o n  
o f  the hor izon ta l  and v e r t i c a l  strands o f  rope was t i e d  securely. Two cranes 
were located on the  pad 70 t o  80 f e e t  on e i t h e r  s ide  o f  the t e s t  s i t e  c e n t e r l i n e  
and approximately 180 fee t  downwind o f  ground zero. 
upper hor izonta l  s t rand o f  rope was attached t o  the crane h o i s t i n g  cables. By 
r a i s i n g  and lowering the  crane cables simultaneously, the ladder  could be r a i s e d  
and lowered. As t h e  ladder was ra ised a crew o f  t e s t  personnel c l ipped on ad- 
hesive sprayed vugraphs a t  each o f  the rope in te rsec t ions .  A f t e r  the ladder 
was ra ised t o  i t s  f u l l e s t  he ight  (90 f t ) ,  the  bottom o f  the ladder was fastened 
t o  the ground a t  several po ints .  The ladder  was 
90 fee t  wide and 90 fee t  h igh  r e s u l t i n g  i n  342 i n t e r s e c t i o n s  (19 rows hor izont_al lY 
and 18 rows v e r t i c a l l y )  w i t h  a vugraph a. each i n t e r s e c t i o n .  A f t e r  the t e s t ,  
the cranes lowered the ladder and the  vugraphs were removed, covered w i t h  an 
acetate sheet and s tored f o r  f u t u r e  data reduct ion.  

The Jacob's Ladder was f i r s t  used f o r  Test No.11 and then f o r  a l l  subsequent 
tests.  

Each o f  the  ends o f  t h e  

(See Figure 3.5 and 3.6.) 

M i l l i p o r e  Col lectors  are c y l i n d r i c a l  p l a s t i c  holders i n t o  which a d isc shaped 
f i l t e r  paper 37mm i n  diameter i s  inser ted.  
by drawing a i r  through the open end o f  the holder  by a vacuum pump. A i r  f low 
(volume) i s  co r l t ro l l ed  by a precision-metered o r i f i c e  cmnected ahead of  the  
f i l t e r  holder.  
f i l t e r s  as the a i r  i s  drawn through the f i l t e r s .  The f i l t e r  paper i s  a mem- 
brane w i t h  a pore s i r e  o f  0.8 micron, thuq, p a r t i c u l a t e s  l a r g e r  than 0.8 micron 
w i l l  no t  pass through the f i l t e r  but  w i l l  be c o l l e c t e d  on the surface. 

A i r  sampling t e s t s  are accomplished 

P a r t i c u l a t e  matter i s  Col lected on the surface o f  the  d isc  

The m i l l i p o r e  f i l t e r s  were mounted on an instrument po le  30 feet  h igh  w i t h  
f i ve ,  s i x - f o o t  crossarms. 
t o t a l  o f  15 m i l l i p o r e  f i l t e r s  per pole. S i x  poles were f ie lded f o r  a t o t a l  o f  
90 m i l l i p o r e  f i l t e r s .  The pgles were arrayed crosswind n ine f e e t  apar t  a t  the  
200 foo t  s t a t i o n  downwind o f  ground zero. 

Three f i l t e r s  were mounted on each crossarm f o r  a 

Pad Co l lec t ion  was a procedure whereby a f t e r  each t e s t ,  t e s t  personnel manually 
co l lec ted  a l l  r e l a t i v e l y  l a r g e  f i b e r  c l u s t e r s  and s t r i p s  from the  asphal t  pad. 
This c o l l e c t i o n  was done by pad sect ions and the  c o l l e c t e d  mater ia l  w a s  placed 
i n  p l a s t i c  bags, sealed and marked by t e s t  number and pad sect ion l o c a t i o n .  

- Sweep Brigade was a procedure o f  manual f i b e r  s t r i p  c o l l e c t f n g  i n  which 30 p lus  
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t e s t  s i t e  personnel were deployed i n  a crosswind a r ray  ou t  past t h e  6000-foot 
s t a t i o n  a f t e r  Test NOS. 10, 11 and 13. This .br igade then "swept" over the  en- 
t i r e  deposi t ion f o o t p r i n t  from the  6000 p lus - foo t  s t a t i o n  back t o  the  asphal t  
pad. A l l  observedcarbon f i b e r  s t r i p s  were c o l l e c t e d  and the  approximate f a l l -  
o u t  l o c a t i o n  o f  each s t r i p  and i t s  s i t e  dere tabulated. I n  some cases, the 
sweep was repeated up t o  four  times i n o r d e r  t o  ob ta in  a s t a t i s t i c a l  est imate 
o f  t he  percentage o f  t o t a l  s t r i p  f a l l o u t  t h a t  was co l l ec ted .  These repeated 
sweeps a l so  had the  e f f e c t  o f  "decontaininating" the  range, i .e . ,  mir : ia ized 
and a lso  q u a n t i f i e d  t h e  p r o b a b i l i t y  t h a t  s t r i p s  c o l l e c t e d  i n  subsequent t e s t s  
were a c t u a l l y  f a l l o u t  from previous tes ts .  

ACTIVE INSTRUMENTATION 

- LED i s  a term which i d e n t i f i e s  the  L i g h t  Emi t t i ng  Diode Source/Detector i n s t r u -  
ment used t o  measure the  near ground l e v e l  r a r e f i e d  f i b e r  c loud concentrat ion 
h i s t o r i e s  a t  75 t o  300 f o o t  ranges. 
source, focusing lens,  neut ra l  densi ty  and band pass f i l t e r s  and i~ s i l i c o n  p i n  
diode de tec tor .  

I t  cons is ts  o f  a co l l ima ted  LED l i g h t  

The LED measures number r a t e  o f  p a r t i c l e s  passing through i t s  l i g h t  beam and 
causing a shadow on t he  detector.  
cen t ra t i on  by i n t roduc ing  the wind v e l o c i t y ,  LED beam ieng th  and LED beam 
diameter. 
same length, t he  mass f l u x  h i s t o r y  i s  r e a d i l y  obtained frm the  concentrat ion 
h i s t o r y  by u s i r g  t h e  mass o f  each p a r t i c l e .  
t o  use a r e l a t i o n s h i 9  r e l a t i n g  the  i i b e r  s t a t i s t i c a i  o r i e n t a t i o n  dur iqg  f a l l  
through the  LED beam and s i z e  d i s t r i b u t i o n  o f  f ibers  obtained from s t i c k y  paper 
next t o  the  LED t o  ob ta in  mass f l u x  h i s t o r y  from the  concentrat ion h i s t o r y .  
The mass f l u x  h i s t o r y  al lows comparison o f  t he  LED sensor' data t o  microwave 
sensor data. Figure 3.7 shows a f i e l d e d  LED instrument. 

The number r a t e  can be converte? t o  a con- 

For c laud chambers where a l l  p a r t i c l e s  a re  s i n g l e  f ibers  w i t h  the  

For cutdoor t e s t s  i t  i s  necctsrary 

Microwave . ----- r e f e r s  t o  microwave sensors s p e c i f i c a l l y  developed t o  measure the  
mass f l u x  o f  c lus te rs  and clumps o f  f i be rs ,  as w e l l  as d e w e  clouds c f  s i n g l e  
f ibers .  The system atop the  fivc?-foot p la t fo rm shown i n  Figure 3.8 contains 
a 12 gigahert t 'source, t ransmi t te r  horn and c o l l i m a t o r  lens i n  one column; and 
a lens, rece iver  horn and de tec to r /amp l i f i e r  i n  the  o the r  column. The a i r  gap 
between the  columns permits the  f i b e r  c loud t o  pass through i t  f o r  mass f l u x  
measurement. 
i n  p ropor t ion  t o  the  mass o f  f ibers  i n  the beam path. 

During passage o f  the  f i b e r  cloud, t he  received energy i s  reduced 

The microwave system i s  i n s t a l l e d  i n  l oca t i ons  c lose  t o  the  source where the  
o ther  a c t i v e  systems have t ! l i k e l i h o o d  o f  being saturated by the  dense f i b e r  
clouds. 

B a l l  Gage i s  an instrument t h a t  no t  on l y  can de tec t  t h e  presence of a s i n g l e  
carbon f i b e r ,  bu t  a l so  can measure i t s  leng th  w i t h  the  a i d  o f  a mi l l t i -channel  
analyzer system. The count r a t e  i s  porpor t iona l  t o  the  f i b e r  concentrat ion;  the 
amplitude o f  each count i s  p ropor t iona l  t o  the f i b e r  leny th .  The b a l l  gage i s  
unique i n  t h a t  i t  can y i e l d  concentrat ion h i s t o r i e s  f o r  d i f f e r e n t  groups o f  
s i ng le  f i be r  lengths,  
because the  s ignal  f a l l s  w i t h i n  tne  e l e c t r i c a l  noise l e v e l ,  bu t  w i t h  modi f ied 

The b a l l  ? - l e  does not  de tec t  f i b e r s  under 4mm i n  l eng th  
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c i r c u i t r y  can measure shor ter  f i b e r  lengths.  
Figure 3.9. charged t o  2000 vo l ts ,  has a sphere o f  i n f l u e n c e  several times i t s  
own b a l l  aiameter. 

The h igh  vo l tage b a l l  shown i n  

- LADAR r e f e r s  t o  Laser Detect ion and Ranging System. This system i s  used t o  
measure the  r e l a t i v e  d i s t r i b u t i o n  i n  space o f  p a r t i c u l a t e  c loud dens i t ies  a t  
successive times. The p r i n c i p l e  i n v o l v x  p r o j e c t i n g  a shor t  3 nanosecond pulse 
o f  v i s i b l e  ruby l a s e r  l i g h t  along a path where c loud mater ia l  i s  expected t o  
oass. then observina the d i f f u s e  and pseudo-specular r e f l e c t i o n  s ignals  from 
a photomul t ip l ie r  detector  along s ide  the laser .  The p h o t o m u l t i p l i e r  s ignal  i s  
monitored by photographing a f a s t  osc i  1 loscope t race .  The h o r i  zonta I sweep 
speed i s c a l i b r a t e d  i n  t ime so t h a t  the  progress o f  the  l a s e r  l i g h t  pu lse re-  
f l e c t e d  r e t u r n  can be r e l a t e d  t o  distance along the l i g h t  path. The v e r t i c a l  
displacement o f  the  osc i l loscope sweep i s  propor t ional  t o  the f i b e r  concentra- 
t i o n  o f  mater ia l  r e f l e c t i n g  the  l i g h t  a t  the determined l o c a t i o n .  

I n  i n i t i a l  t e s t s ,  the  LADAR pulses were pro jec ted  h o r i z o n t a l l y  and eastward a t  
approximately 225 f e e t  downwind from ground zero. 

I n  l a t e r  tes ts  a m i r r o r  was used t o  d e f l e c t  the h o r i z o n t a l  beam upward t o  
sample the  f i b e r  c'loud concentrat ion as a func t ion  o f  he igh t .  

Thermocoupie-Sample i s  a system using several thermocouples f o r  measuring the 
temperature h i s t o r y  a t  various depths w i t h i n  and loca t ions  on the t e s t  m a t -  
t e r i a l  dur ing  the  burn phase o f  the t e s t .  

- Thermocouple-Flame i s  a system o f  thermocovples used f o r  measuring t h e  tern- 
per ture o f  the flame a t  various loca t ions  dur ing the  burn phase o f  t h e  t e s t .  

- Flame-Velocimeter i s  an e l e c t r o - o p t i c a l  instrument developed t o  v a l i d a t e  the 
model of the f i r e  plume and t o  scan the pool f i r e  and t r a c k  ho t  spots and 
p a r t i c l e s  w i t h i n  the f i r e .  The p r i n c i p l e  of operat ion i s  depic ted i n  F igure 
3.10. A g r i d  mask Dlaced over a detector  ser ies w i t h  spacing A $ '  views the  
f i r e  w i th  a g r i d  spacing AS. When a given h o t  spot i n  t h e  f i r e  plume r i s e s  past 
the gr id,  the  ho t  spot appears a t  the successive g r i d  detectors  i n  a t ime i n t e r -  
val A t .  The g r i d  spacing and t ime i n t e r v a l  between ho t  spot a r r i v a l s  a t  succes- 
s ive  gr ids,  y i e l d  the v e r t i c a l  v e l o c i t y  o f  the  ho t  spot. 

The i n s e t  photograph shows the  telescope, g r i d  system, i n f r a r e d  detectors,  am- 
p l i f i e r  and power supply a l l  housed i n  a por tab le  system. 

I n f r a r e d  Imaging systems consf - t e d  o f  two thermovis ion I R  scanning cameras 
t h a t  were used t o  obta in  h i s t o r i e s  o f  the f i r e  plume and carbon cloud envelopes 
avd t o  t r a c k  the t r a j e c t o r i e s  o f  hot  p a r t i c u l a t e  w i t h i n  the  cloud. 
were modi f ied AGA Corp., Model 661, Various o p t i c s  were used t o  o b t a i n  narrow 
and wide f i e l d s  o f  view. 
t o  5 microns; the other was s e n s i t i v e  t o  8 t o  12 microns. 
played on a TV monitor and recorded on video tape f o r  l a t e r  p lay  back and data 
reduct ion.  

Both cameras 

One camera w 5  s s e n s i t i v e  t o  the l i g h t  wavelenrth 2 
P ic tures were d i s -  

Movies-Visual and IR systems were Lsed t o  o b t a i n  h i s t o r i e s  o f  t h e  f i r e  and 
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and explode eveats. 
i n  various loca t ions  f o r  each t e s t .  
several tes ts .  Primarily, c o l o r  motion p i c t u r e  f i l m  was used, however, on Several 
tes ts ,  f i l m  sens i t i ve  t o  the near IR spectrum was a l so  used. .The processed 
f i l m  was subsequently data reduced t o  ob ta in  t h e  c h a r a c t e r i s t i c s  o f  t he  f i r e  
plume and f i b e r  c loud f o r  l a t e r  use as a data base i n  modeling. 

Several profgss ional  351131 Y i  t c h e l l  movie cameras were used 
High speed C a i I w d b  were d i b O  employed on 

METEOR9LOGI CAL INSTRUMENTS 

Thermocouple, Vane and Anemometer systems uere mounted on two towers, one c . c t -  
ed on the asphal t  t e s t  pad and one nedr the southwest corner of  t he  pad. 
each o f  three v e r t i c a l  loca t ions  on each tower a system o f  one vane and one 
anemometer was mounted together w i t h  temperature bulbs t h a t  provided a r e f e r -  
ence ambient a i r  temperature and the temperature d i f fe rences  from t h i s  r e f e r -  
ence temperature a t  th ree  tower heights.  These data (wind v e l o c i t i e s  and tem- 
peratures) were recorded on s t r i p  recorders cont inuously,  24 hours a day, dur ing  
the t e s t  ser ies.  The in fo rmat ion  obtained from those instruments was requ i red  
t o  determine wind d i r e c t i o n  and speed, wind shear, and atmospheric i nve rs ion  
charac ter is t i cs .  This in format ion was used t o  permit  conduct o f  the  t e s t s  w i th -  
i n  range sa fe ty  cons t ra in ts  and - instrumentat ion l i m i t s  and f o r  subsequent data 
reduct ion f o r  modeling data base purposes. The data from these instruments 
were a lso d i g i t i z e d  a t  one minute i n t e r v a l s  and recorded on tape. 

Smoke P u f f  Generator was used t o  monitor the ground l e v e l  wind d i r e c t i o n  on the  
as t t i a l t  pad j u s t  p r i o r  t o  t e s t  i n i t i a t i o n .  
used as a scurce t o  produce awhitesmoke. 
anhydrous 
h igh l y  v i s i b l e  smoke. 
some of the  a c t i v e  instruments located on the  t e s t  pad and the use o f  the  gen- 
e ra to r  was discontinued a f t e r  four  t e s t s .  

; . 

Three tanks o f  compressed gas were 
Low pressi;re hydrogen ch lo r i de  and 

amnonia were combined w i t h  h igh pressure n i t rogen t o  prov ide a 
The smoke tended t o  i n t e r f e r e  w i t h  the  performance o f  

Captive Balloons were f i ve- foo t  meteorological  balloons i n f l a t e d  w i t h  helium 
t h a t  were l o f t e d  p r i o r  and dur ing each t e s t  t o  monitor wind d i r e c t i o n  and 
ob ta in  low-level  wind shear cha rac te r i s t i cs .  Two balloons were genera l l y  used 
tethered a t  a l t i t u d e s  c f  150 t o  200 fee t .  One ba l loon was located j u s t   SOU+^ 
o f  the t e s t  pad and the 
vans. 

her approximately 100 fee t  south o f  the ins t rumenta t ion  

Free Balloons were f ive- foot  meteorclogical  bal loons i n f l a t e d  w i t h  hel ium and 
weightzd w i t h  approximately 100 grams. These bal loons were released a t  one t o  
f i ve  minute i n t e r v a l s  p r i o r  t o  t e s t  i n i t i a t i o n  t o  determine the wind d i r e c t i o n  
and wind shea-s over the f u l l  downwind extent  o f  the t e s t  s i t e .  
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TEST CONDITIONS 

To a large extent, the overall test program was directed toward simulating a i r -  
c ra f t  accident scenarios in which carbon/graphite fibers would be released. To 
this end, the f ie ld  test conditions were designed to yield data that  when sys- 
temati cally 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 c0nstraint.s and guidelines 
for developing the t e s t  s i t e  configuration, the instrumentation requirements arrd 
deployment arrays, the selection of t e s t  samples and the specification of t e s t  
conditions for each tes t .  

For each of the t e s t  samples used in the t e s t s ,  which included both f l a t  plates 
and in-service components, i t  was necessary t o  assure t h a t  a compatibility 
existed between the amount of material predicted t o  be released (a function of 
the type and mass of the sample) and the type and location of the instruments 
selected t o  collect  or monitor the released material. 
instruments, their selection and location depended on matching the sensi t ivi ty  
of each instrument t o  the expected release phenomenon (released material 
characterist ics) and transport characteristics of each t e s t  sample type. (The 
active instruments sens i t iv i t ies  ranged from :he ab i l i ty  to  meawre only single 
fibers t o  the measurement of only heavy mass concentrations.) 

In the case of active 

I n  the case of the passive material collectors, the size and location o f  each 
collector and the number of collectors were primarily dependent on the scenario 
characteristics selected for each tes t .  
located no further t h a n  1000 f t  downrange were adequate for those t e s t s  which 
were conducted on camples of low mass and which were burned i n  a propane flame. 
dowever, the tes ts  i n  which samples were burned i n  JP-5 pool f i r e s  required t e s t  
samples of relatively higher mass (barrels,  spoilers and cockpit) and Ruch more 
extensive arrays of passive collectors. The ab i l i ty  of the large JP f i r e  plume 
to tririsport particles t o  large distances downrange required collectors as f a r  
o u t  as 6000 f t  and arrayed crossrange, 1500 f t  on e i ther  side of the center l ine.  
I n  order t o  assure t h a t  any collected material a t  these fa r -out  ranges would 
have s ta t i s t ica l  significance, i t  was necessary to  use the large (9  f t  x 10 f t )  
passive collectors. 
150’3, 2000 and 3000 f t  downrange distances, also arrayed crossrange, 1500 f t  on 
ei ther  side of the center line. 
x 8 f t  i n  size. 

Relatively few, sillall s ize  cGl lectors 

Additional arrays of collectors were located a t  the 1000, 

These intermediate passive collectors were 6 i n  

Generally, the t e s t  conditions for each of the tes t s  were varied t o  simulate d i f -  
ferent scenario characteristics. Besides variations in the t e s t  sample material 
and i t s  mass such scenario factors as the pool f i r e  size and d u r a t i o n ,  the mode 
of heating of the sample (radiation or convection) and the explosive character- 
i s t i c s  were varied. 
changes in the instrumentation requirements and  deployments, t e s t  sequencing, 
personnel requirements, t es t  time and tes t  scheduling and range safety require- 
ments and  constraints. 

Each combination crf these variables required adjustments o r  
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As mentioned above, as the t e s t  program progressed i t  was necessary t o  f i e l d  
more extensive arrays of inst runerats  and passive c o l l e c t o r s  s ince the mater ia? 
released i n  the  l a t e r  JP-5 f i r e  t e s t s  would s i g n i f i c a n t l y  t ranspor t  over longer  
distances downwind. I n  addi t ion,  c e r t a i n  observed phenoinenon such as aper iod ic  
t ranspor t  e f fec ts ,  c loud heights  and released mate r ia l  s t r i p s  suggested the  use 
of add i t i ona l  types o f  ins t runenta t ion  and c o l l e c t i o n  techniques. These i n -  
cluded the LADAR instrument, t he  "Jacob's" ladder an4 the  sweep brigade. 
requirement t o  measure the dynamics o f  the  f i r e  plume prompted the  more exten- 
s i v e  use o f  t he  I R  scanning camera and the  use of a flame velocimeter. 

The 

The f i e l d i n g  o f  these add i t i ona l  instruments and more extens ive inst rument  and 
c o l l e c t o r  arrays was j u d i c i o u s l y  determined f o r  each t e s t  based on a n a l y t i c  pre- 
d i c t i o n s  and "quick look" data analyses of the r e s u l t s  o f  t he  previous tes ts .  
Nevertheless, the l a t e r  JP-5 f i r e  t e s t s  invo lved the  c o l l e c t i o n  o f  a vast  amount 
of raw data. 

Tables A . l  through A.15 given i n  Appendix A l i s t  t h e  d e t a i l e d  t e s t  cond i t ions  f o r  
each o f  t he  f i f t e e n  t e s t s  i n  the  t e s t  ser ies.  I n  add i t ion ,  g iven below i s  a des- 
c r i p t i o n  o f  some o f  the  cha rac te r i s t i cs  unique t o  each t e s t .  

- 

TEST NO. 1 - PLATE TEST 

Test No. I was the  f i r s t  t e s t  o f  the three conducted a t  CTS i n  which sample 
p la tes  o f  Thornel 300 were burned 2nd exploded. I n  t h i s  f i r s t  t e s t ,  t h e  sample 
was burned fo r  approximately 40 minutes over a propane burner wi th a i r  suppl ied 
by means o f  aoventur i -suct icn o r i f i c e .  The peak flame temperature was recorded 
a t  about 1900 F. 

Fol lowing the b u m  phase, fou r  1/2 oz charges o f  C-4 explos ive were detonated 12 
inches below the p l a t e  burn residue. 
f ou r  concave holders t h a t  e f f e c t i v e l y  generated a p lanar  b l a s t  wave. 
pressure a t  the p l a t e  was estimated t o  be approximately 0.8 k i lobars .  

The explos ive charges were contained i n  
The b l a s t  

TEST NG. 2 - PLATE TEST 

This  t e s t  was a repeat o f  Test No. 1 except f o r  the fo l l ow ing  condi t ions.  
sample was burned f o r  20 minutes over a propane burner w i t h  a i r  suppl ied from a 
compSessor. 
2300 F. 
wh i le  the exp lo r ive  holders were i n  contact  w i t h  the  bottom surface o f  t he  burn 
residue, thus producing a "punch ou t "  e f f e c t .  
was estimated t o  have exceeded 120 k i l oba rs .  

The 

I n  ' t h i s  t e s t ,  the  fou r  1/2 oz charges o f  C-4 explos ive were detonated 

The b l a s t  pressure a t  the  p l a t e  

This burner conf igura t ion  y ie lded  a peak flame temperature of about 

TEST NO. 3 - PLATE TEST 

The d i f ferences i n  t e s t  condi t ions between Test No, 2 and Test No. 3 were 1) the  
burner propane/air mix ture f low r a t e  was increased t o  produce a h o t t e r  flame 
temperature, about 2600 F and 2)  f ou r  add i t i ona l  1/2 oz C-4 explos ive charges 
were placed d i r e c t l y  on top o f  t he  burn residue (w i th  no backing p i a t e  o r  ho lders)  
and detonated together w i t h  the fou r  1/2 oz charges i n  contact  w i t h  the  bottom 
o f  the residue (as i n  Test No. 2). 
f e c t  o f  squeezing the sample res idue h o r i z o n t a l l y  t o  a l l  sides. 

This b l a s t  con f igu ra t i on  had the p a r t i a l  e f -  
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TEST NO. 4 - PLATE TEST 

This  f i r s t  t e s t  a t  NVC was a repeat of t h e  f i r s t  t e s t  a t  CTS (Test No. 1) wi th  
th ree  major d i f fe rences  i n  t e s t  condi t ions.  
the  absence o f  any enclosure. 
was used as i n  Test No. 1 (1900 F peak flame temperature), the  sample was burned 
f o r  20 minutes. 
12 inches below the  burn res idue instead of t h e  four 1/2 oz charges used i n  
Test do. 1. This s i n g l e  explos ive charge was contained i n  a r e l a t i v e l y  deep 
s tee l  corxave f i x t u r e  which dup l ica ted  the  explos ive ho lder  used a t  t h e  NSWC/DL 
chamber tests .  This explos ive receptacle r e s u l t s  i n  a semi-shape charge type o f  
explosion and therefore,  produced a punch-out e f f e c t  on the  burn residue. 

F i r s t ,  t h e  t e s t  was conducted i n  
aecond, although the  same burner con f igu ra t i on  

And t h i r d ,  a s ing le,  2 oz C-4 explos ive charge was detonated 

TEST NO. 5 - PLATE TEST 

The burn phase f o r  t h i s  p l a t e  t e s t  was i d e n t i c a l  t o  the  t e s t  condi t ions under 
which Test No. 2 was conduhted, i .e. a "hot"  burner wi th  a peak flame tempera- 
t u r e  o f  approximately 2300 F. The explosion phase used t h e  same detonat ion con- 
f i g u r a t i o n  as i n  Test No. 4, i .e. a s ing le,  2 oz charge, one f o o t  below the  burn 
residue. The LADAR instrument sensor was f i r s t  used a t  NWC on t h i s  t e s t .  

TEST NO. 6 - PLATE TEST 

This t e s t  was a repeat o f  Test No. 5 except f o r  minor rev i s ions  
passive instrumentat ion.  

TEST NO. 7 - CALIBRATION, EXPLODE ONLY TEST 

This t e s t  was Derformed i n  order  t o  ob ta in  a s e t  o f  data f o r  ca 

in wme of t he  

i b r a t i  on pur- 
poses f o r  the  I R  imaging came,-as and the motion p i c t u r e  cameras 
a c t i v e  instruments o ther  than the  I R  imaging and motion p i c t u r e  cameras were 
f i e l d e d  i n  t h i s  t e s t .  
exp los ive charge was detonated i d e n t i c a l  t o  the  detonat ion conf igura t ions  i n  
Test Nos. 4, 5 and 6. 'The data from t h i s  t e s t  would reveal  the d i f fe rences  i n  
c loud proper t ies  between an explosion w i t h  and w i thout  a f i b e r  cloud. 

No passive o r  

No mater ia l  sample was used; on ly  a s ing le,  2 oz C-4 

- 

TEST NO. 8 - BARREL TEST 

This t e s t  and the two subsequent tes ts  used an experimental b a r r e l  f ab r i ca ted  
from Hercules AS carbon f i b e r .  
the b a r r e l  was burned i n  a propane flame. 
9 and 10. 

However, Test No. 8 was the on ly  t e s t  i n  which 
A 3P-5 pool f i r e  was used i n  Test Nos. 

I n  the  burn phase of t h i s  tes t ,  an enlarged propane burner was used w i t h  a i r  
suppl ied by a compressor, thus producing a "h8t"  flame as i n  Test Nos. 2, 5 and 
6 w i t h  a peak flame temperature o f  about 2300 F. P r i o r  t o  the  t e s t ,  the b a r r e l  
was cu t  up i n t o  twelve segments; two segments were burned a t  a time, the  seg- 
ments pos i t ioned s ide  by s ide  over the burner. The burn dura t ion  f o r  each of 
the "two segment" burns was 2@ minutes. 
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The bum 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 i n  the previous four tes t s  (Test Nos. 4, 5 ,  6 and 7 ) .  

This  was the first test i n  which feather-like clusters ("chicken feathers") of 
carbon fibers were released a f t e r  the explode phase. Also i n  this test, passive 
collectors were first  deployed out t o  the 1000, 1500, 2000 and 3000-ft downwind 
stations. The feather-like clusters were noted as far out as the extreme (3000- 
f t )  sticky paper collectors. 

TEST NO. 9 - BARREL TEST 

Test No. 9 was a burn  only, barrel test conducted i n  two separate burn phases. 
This t e s t  was also the first t e s t  i n  which a JP-5 pool f i r e  was employed. 
x 20-ft pool, centered a t  ground zero, was constructed on the concrete pad. A 
layer of water was flowed into the pool tr; produce a level surface. Then JP-5 
fuel was flowed into the pool cin top of the water; a measured quantity of JP-5 
fuel wds used depending on the fire duration desired. Several tens of gallons 
of gasoline were poured on the JP-5 fuel and ignited by electr ical ly  detonated 
squibs a t  the established ignition s t a r t  time. 

A 20-ft 

In the f i r s t  burn phase of this  t e s t ,  a half barrel segment (cut longitudinally) 
was suspended six feet  over the pool surface a t  a location such that the barrel 
segment was heated only by radiation from the pool fire flame. The to ta l  burn  
time was three minutes.. .Approximately, three pounds of aluminum and magnesium 
were added t o  the f i r e  t o  elevate the flame temperature. 

In the second phase of this t e s t ,  the par t ia l ly  burned bar re l  segment was re- 
positioned five feet over the pool a t  a location such t h a t  the segment would be 
w i t h i n  the pool f i r e  flame and t h u s  heated both by radiation and the intense 
convection. The total  burn time for th i s  t e s t  phase was six minutes. 

Due to imposed scheduling constraints, no active instrumentation was fielded i n  
this t e s t  and Test No. 10. 
complement of passive sensors were deplayed i n  both of these tes t s .  

However, approximately f i f t y  percent of the fu l l  

TEST NO. 10 - BARREL TEST 

In this t e s t ,  the burned residue from Test No. 9 was combined with a fresh half-  
barrel segment and 7ositioned approximately five feet  over the 20 f t  x 20 f t  
pool and w i t h i n  the pool f i r e  flame. Approximately f o u r  minutes a f t e r  the JP-5 
fuel was ignited, a 2 oz C-4 explosive charge was swung into p o s i t i o n  underneath 
the barrel segments and detonated. The pool f ire continued t o  burn a f t e r  the de- 
tonation for approximately four and one-half additional minutes creating a con- 
tinuous plume downwind. 

Unfortunately, just  prior t o  detonation a sudden wind s h i f t  to the east  caused 
the f i r e  plume and a l l  f iber f a l l o u t  t o  miss the north-south oriented arrays of 
passive sensors. 
served w i t h i n  and  depositing out  o f  the f i r e  plume. These s t r ips  could also be 
seen i n  the motion picture d a t a .  

However, a f te r  the detonation, large s t r ips  of f ibers were ob- 

This was the f i r s t  t e s t  i n  which such f iber  
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s t r i p s  were released i n  a tes t .  
mately two inches wide and 12 t o  18 inches long).  S t r i p s  such as these were 
a lso  released i n  Test Nos. 11, 12 and 13. Test personnel then swepc over t h e  
deposi t ion f o o t p r i n t  no t i ng  very heavy s t r i p  deposi t ion on the pad up t o  150 
feet from the  f i r e ,  moderate depos i t ion  ( e i g h t  t o  ten s t r i p s  i n  a 20 ft diameter 
area) ou t  t o  over 750 feet;  and some s t r i p s  as f a r  out  as 1900 fee t .  I n  con- 
t r a s t  t o  the  s t r i p s  co l l ec ted  i n  the subsequent s p o i l e r  and cockp i t  t e s t s  which 
genera l l y  had r e l a t i v e l y  sharply def ined edges as i f  "peeled" o f f  t he  ma te r ia l  
sample, the  s t r i p s  from t h i s  b a r r e l  t e s t  were f e a t h e r - l i k e  both on the  edges and 
ends w i t h  many f i b e r s  peel ing o f f  the surfaces o f  t he  s t r i p s .  

( I n  t h i s  tes t ,  the s t r i p s  were up t o  approxi-  

TEST NO. 11 - SPOILER TEST 

Test Nos. 11 and 12 involved th ree  a i r c r a f t  s p o i l e r s  constructed o f  carbon f i b e r  
composite mater ia l .  I n  Test No. 11, the  th ree  spo i l e rs  were burned over a 40 ft 
x 60 ft JP-5 f i r e  pool. The pool was constructed south of the  asphal t  pad w i t h  
the  pool long dimensibn o r ien ted  i n  the  north-south l i r e c t i o n .  The center  o f  
the pool  was 114 ft south o f  ground zero and on the  north-south s i t e  center l ine .  
(All sensor north-south s ta t i ons  are referenced t o  ground zero, the  center  o f  
the concrete pad; s ta t i ons  no r th  are designated plus,  s t a t i o n s  south a re  desig- 
nated minus. ) 

The spo i l e rs  were suspended approximately seven feet over the pool f i r e  surface 
a t  a l o c a t i o n  such t h a t  the  spo i l e rs  would be i n  the  center  o f  t he  flame plume; 
The t o t a l  burn dura t ion  o f  the.poo1 f i r e  was approximately fou r  minutes. 

A major release c h a r a c t e r i s t i c  i n  t h i s  t e s t  was the re lease o f  composite s t r i p s  
dur ing the burn. A sweep br igade was organized and the  deposi t ion f o o t p r i n t  
swept from beyond the  6000-foot s t a t i o n  back t o  the pad. This sweep was re -  
peated th ree  times and i t  was estimated t h a t  90 t o  98 percent o f  the  t o t a l  s t r i p s  
released were co l lec ted .  S t r i ps  were recovered beyond the  6000-foot s t a t i o n  w i th  
the  heaviest  deposi t ion a t  about 1800 f e e t  from the  yo01 f i r e .  
were approximately two- inches wide and almost f ou r  f e e t  long. 

Tbe l a r g e s t  s t r i p s  

TEST NO. 12 - SPOILER TEST 

This  t e s t  was a burn/explode t e s t  i n  which the burned s p o i l e r  residue from Test 
No. 11 was replaced in the same p o s i t i o n  as f o r  Test No. 11 over the 40 f t  x 60 
ft pool. The pool was replenished w i t h  JP-5 f u e l  and the  fue l  i gn i ted .  
was permi t ted t o  burn f o r  approximately 40 seconds u n t i l  the f i r e  plume sta-  
b i l i z e d  and then a s ing le  2 oz C-4 explos ive charge contained i n  the same type 
f i x t u r e  as used i n  the  previous NWC t e s t s  was swung underneath the  mater ia l  
sample and detonated. 
ha1 f minutes. 

The f i r e  

The f i r e  continued t o  burn f o r  an add i t i ona l  s i x  and one- 

Unfor tunate ly  i n  t h i s  tes t ,  the  cable t h a t  moved the explos ive under the sample 
broke before the explos ive charge was swung completely i n t o  p o s i t i o n  under the  
mater ia l  sample. 
inches below but  approximately two f e e t  t o  the  west s ide  o f  the sample. 
e f f e c t  o f  t h i s  detonat ion was t o  l i f t  the bu lk  o f  t he  ma te r ia l  o f f  i t s  suspen- 
s ion  f i x t u r e  and t o  toss i t  out  o f  t he  f i r e  plume t o  the  east  s ide  o f  the  s i t e ,  

Consequently, the detonat ion occurred approximately twelve 
The 
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ten  t o  f i f t e e n  f e e t  outs ide o f  t h e  f i r e  pool. . Therefore, very l i t t l e  m a t e r i a l  
was l o f t e d  i n t o  the  f i r e  plume and downrange t o  t h e  inst rumentat ion arrays.  

TEST NO. 13 - COCKPIT TEST 

This t e s t  was the  l a s t  t e s t  t h a t  invo lved an i n -se rv i ce  component. An F-16 cock- 
p i t ,  p a r t i a l l y  f ab r i ca ted  o f  carbon/graphite f i b e r  composite, was burned over 
the  40 ft x 60 ft JP-5 pool f i r e .  As i n  t h e  case of t h e  s p o i l e r  tes ts ,  t h e  cock- 
p i t  was suspended seven feet over t h e  pool f i r e  surface w i t h i n  t h e  f i r e  plume. 
The fuel was i g n i t e d  and burned f o r  approximately s i x  minutes. 

During the  l a s t  minute of t h e  f i r e ,  an i n t e r e s t i n g  phenomenon was observed. A t  
t h i s  time, the  burned cockpi t  consisted mainly of i t s  m e t a l l i c  inner  s t r u c t u r e  
w i t h  some composite mater ia l .  This s t r u c t u r e  could be seen w i t h i n  t h e  f i r e  
s i t t i n g  u p r i g h t  on the  suspension f i x tu re .  The s t r u c t u r e  s t i l l  maintained the  
general cockp i t  shape as long as t h e  f i r e  burned vigorously.  
f i r e  d ied  down, j u s t  before the  s ix-minute point ,  t h e  s t rength o f  t h e  f i r e  up- 
d r a f t  diminished t o  a p o i n t  a t  which t h e  t ipdraf t  no longer was s t rong enough t o  
support t h e  weakened cockp i t  and the  e n t i r e  c o c k p i t  collapsed. Apparently, up 
t o  t h i s  po in t ,  the  on ly  forces t h a t  he ld t h e  cockp i t  remains i n  the o r i g i n a l  
cockpi t  con f i gu ra t i on  were the  in tense updrafts from the  f i r e .  

However, as the  

As i n  Test No. 11, composite s t r i p s  released from t h e  cockp i t  were observed t o  
be trapped and l o f t e d  i n  t h e  f i r e  smoke plume and subsequently f a l l i n g ’ o u t  o f  
t h e  plume downrange. . The e n t i r e  deposi t ion f o o t p r i n t  was again swept by t e s t  
personnel and these s t r i p s  c o l l e c t e d  and t h e i r  s i z e  and deposi t ion l o c a t i o n  
tabulated. The s t r i p s  were as l a r g e  as th ree  inches wide, 54 inches long and 
averaged about one and one-half p l i e s  i n  thickness. 

Due t o  a combination o f  subsequent adverse meteorological condi t ions and t e s t  
schedule const ra in ts ,  no oppor tun i ty  was a v a i l a b l e  t o  fo l low-up t h i s  cockp i t  t e s t  
w i t h  a burn m d  explode t e s t  s i m i l a r  t o  Test No. 12. 

TEST NO. 14 - PLATE TEST 

Test Nos. 14 and 15 were the l a s t  two t e s t s  o f  t h e  t e s t  ser ies.  I n  these two 
tests ,  f l a t  p la tes  o f  Thornel 300, i d e n t i c a l  t o  t h e  p la tes  t e s t e d  a t  CTS and i n  
Test Nos. 4, 5 and 6, were burned overOa propane burner. The flame temperature 
fo r  Test No. 14 was approximately 2000 F and t h e  burn t ime was 20 minutes. The 
burned p l a t e  residue was then placed a t  ground zero and a s i n g l e  2 oz C-4 ex- 
p los i ve  charge was detonated s i x  inches below the  residue. The charge holder 
was i d e n t i c a l  t o  the type used i n  a l l  o f  the  previous NWC explode t e s t s .  

Although Test Nos. 14 and 15 were s i m i l a r  i n  many respects t o  the e a r l i e r  NWC 
p l a t e  tes ts ,  a major d i f f e rence  was t h a t  the Jacob Ladder b r i d a l  v e i l  vugraph 
ar ray  was ava i l ab le  f o r  these l a s t  two t e s t s .  
d i rec t i ves ,  no a c t i v e  instrumentat ion nor I R  and v isua l  camera coverage was 
f ie lded. 
two tests .  

However, due t o  government 

Also the use o f  some o f  the  passive sensors was e l im ina ted  from these 
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Reduction and analys is  o f  t he  data acquired i n  Test Nos. 14 and 15 was n o t  i n -  
cluded as a p a r t  o f  the  sub jec t  program and t h e  r e s u l t s  o f  these t e s t s  were n o t  
ava i l ab le  f o r  t h i s  repor t .  

TEST NO. 15 - PLATE TEST 

The on ly  d i f f e rence  i n  t e s t  condi t ions between t h i s  t e s t  and Test No. 14 i s  t h e  
flame temperature f o r  the ma te r ia l  sample burn. I n  t h i s  tes t ,  t h e  propane burngr 
f u e l / a i r  f lows were adjusted t o  y i e l d  a flame temperature of approximately 2400 F. 
The burn t ime was 20 minutes. 

During the  explode phase o f  t h i s  t e s t ,  a sudden wind s h i f t  caused the  f i b e r  
cloud t o  miss the inst rumentat ion arrays and l i t t l e ,  i f  any, data were acquired. 

FIELDED INSTRUMENTATION SUMMARY 

Tables 3.4,: 3.5 and 3-6 l i s t  a l l  o f  t h e  instruments used fo r  each o f  t h e  twelve 
t e s t s  conducted a t  t he  NWC Test S i te .  Table 3 - 4  l i s t s  t h e  passive c o l l e c t i o n  
techniques; Table 3 5, the  a c t i v e  instruments; and the  photographic techniques 
and meteorological instruments a re  l i s t e d  on Table 3-6. 

These instrument matrices demonstrate the  adaptive evo lu t i on  of t he  f i e l d e d  i n -  
struments as the t e s t s  progressed from r e l a t i v e l y  small samples burned i n  pro- 
pane flames t o  the  l a r g e r  i n -se rv i ce  components burned. in  l a rge  JP-5 pool f i r e s .  
Except f o r  imposed const ra in ts ,  the  rev i s ions  i n  inst rumentat ion from t e s t - t o -  
t e s t  were made f o r  one o r  more o f  t he  f o l l o w i n g  reasons: 
q u a l i t y  o f  the  o v e r a l l  data a c q u i s i t i o n  system based on de f i c ienc ies  noted i n  
previous tes ts ;  2) t o  improve the  cost and time e f fec t i veness  o f  t he  f i e l d  
operations; 3) t o  expand the  data a c q u i s i t i o n  arrays t c  cover the  increased s i t e  
sampling area f o r  t he  JP f i r e  tes ts ;  and 4) t o  prov ide spec ia l i zed  instruments 
u d  c o l l e c t i o n  techniques f o r  measuring s p e c i f i c  parameters t h a t  were p e c u l i a r  
for c e r t a i n  tests,  such as the  flame velocimeter, t he  f r e e  balloorls, t he  sweep 
brigade and the  l a rge  b r i d a l  v e i l  frames. 

1) t o  improve the  
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4. PASSIVE INSTRUMENTATION: DATA REDUCTION AND ANALYSIS 

INTRODUCTION 

Presented here in a re  t h e  r e s u l t s  o f  reduct ion and enalyses o f  f i e l d  t e s t  passive 
inst rumentat ion data and the  performance o f  labora tory  t e s t s  toward eva lua t ion  
of  var ious source generation aspects. A wide spectrum o f  passive instrumen- 
t a t i o n  techniques were appl ied as w e l l  as v a r i a t i o n s  i n  t h e  respect ive i n s t r u -  
mentation t e s t  layouts .  I n  some cases the  t e s t  data were r e l a t i v e l y  l i m i t e d  
due t o  the  in f luence o f  meteorological cond i t ions  toward i r r e g u l a r  d ispers ion  
o f  deposi t ion pat terns.  A l l  a v a i l a b l e  data were analyzed w i t h  a t t e n t i o n  
focussed on charac ter iza t ion  o f  the  observed p a r t i c u l a t e  i n  terms o f  number, 
mass, l e n g t h  and diameter d i s t r i b u t i o n s  and evaluat ion o f  r e l a t i v e  v a r i a t i o n s  
associated w i t h  the  p la te,  bar re l ,  s p o i l e r  and c o c k p i t  samples and d i f f e r e n t  
t e s t  condi t ions.  

DATA REDUCTION METHODOLOGY 

Data reduct ion techniques were app l ied  a appropr ia te depending on t h e  nature 
of the  record type and p a r t i c u l a t e  domain o f  i n t e r e s t .  
approach consisted o f  d i r e c t  measurement o f  p a r t i c l e  dimensions over designated 
record segments w i t h  areas governed by p a r t i c l e  dens i t ies .  

I n  a l l  cases t h e  basic 

Visual  a i d s  and associated magnif icat ions are  noted as fo l lows:  

0 Photographic Enlargement 3x t o  9x 

0 Comparator 7x 

0 Microf iche Viewer 24X 

0 Nikon P r o f i l e  Pro jector  1 O X  t o  50X 

0 Microscope 
0 Metal lograFl, 

lox t o  l O O X  

50X to 100OX 

Instrumentat ion records consisted p r i n c i p a l l y  o f  s t i c k y  paper Sheets (8"xlO") 
and s t r i p s  (6"x8')  and adhesive-covered b r i d a l  v e i l  mounted on tuna can 
(3.25" diameter) and vugraph ( 7 . 5 " x 9 . 5 " )  frames. P a r t i c l e  shapes observed t o  
vary ing degrees fo r  d i f f e r e n t  t e s t s  may be categor ized as fo l lows:  

Desigi iat ion 
Singles 
Mu1 t i  p l  es 
L i n t  
C1 umps 
C1 us ters  

S t r i p s  

F iber  Number 
1 
2 - 10 

10 - 100 
10 - 100 

100 - 1000 

1000 - 100,000 
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Deta i l ed  descr ip t ions  and representa t ive  photographs a r e  presented i n  l a t e r  sec- 
t i o n s  o f  t he  repo r t .  

Gata reduc t icn  procedures were developed as most r e a d i l y  apo l i cab le  t o  t h e  i n d i -  
v idua l  types of instrumentat ion records. Sequential stages i n  data reduc t ion  o f  
a s t i c k y  paper s t r i p  r w o r d  are  i nd i ca ted  schematical ly i n  Figures 4.1 t o  4.3. 
A s i m i l a r  representat ion of t he  data reduc t ion  approach fo r  the  Jacob's Ladder 
br ida l  v e i l  vugraph records i s  shown i n  Figures 4.4 and 4.5. 

It i s  noted th? t  p a r t i c l e  counting f o r  t he  s t i c k y  paper records w3s genera l l y  
performed f o r  a l l  o f  the  100 1 cm x 1 cm squares corresponding t o  the  t ransparent 
g r i d  overlay. However, i n  a l i m i t e d  number of cases where the  p a r t i c l e  dens i ty  
was p a r t i c u l a r l y  high, t h e  number of squares ccunted were reduced t o  the  ex ten t  
t h a t  t h e  p a r t i c l e  quan t i t y  was of the  order of several hundred. The s e l e c t i o n  
o f  s p e c i f i c  areas f o r  the  counting process was no t  considered a s e n s i t i v e  s t a t i s -  
t i c a l  f a c t o r  s ince  i n  general the  p a r t i c l e  d i s t r i b u t i o n s  appeared t o  be r e l a t i v e l y  
uni form over the  extended areas considered i n  comparison t o  the  t o t a l  records. 

PLATE TESTS 

INSTRUMENTATION LAYOUT 

P la te  t e s t s  1, 2 and 3 were conducted a t  t h e  TRW Capistrano Test S i t e  and P l a t e  
Tests 4, 5 and 6 were performed a t  the  Naval Weapons Center. An exploded view 
o f  t h e  passive instrumentation. layout  f o r  Tests 1 and 2 i s  shown ir, Figure 4.6.  
St icky  paper s t r i p s  8" i n  w id th  and 4 '  t o  6 '  i n  length were located on t h e  
chamber f l o o r  dur ing Test 3. 
f o r  Tests 5 and 6. Var ia t ions  i n  the geometric a r ray  o f  s t i c k y  paper sheets and 
s t r i p s  were introduced dur ing Tests 4, 5 and 6 i n  order t o  explore optimum pat -  
te rns  f o r  data acqu is i t ion .  
apparent. 

PARTICLE DISTRIBUTIONS 

A representat ive s t i c k y  paper record  i s  shown i n  Figure 4.9. Records o f  t h i s  
nat $ - e  were observed i n  Tests 1, 2 and 3 w i t h  varying degrees o f  dens i ty  and 
frequency o f  l a r g e  p a r t i c l e s  depending on p rox im i t y  t o  ground zero. S i m i l a r  
t y i e s  o f  records occurred i n  Tests 4, 5 and 6 w i t h  d progressive decrease i n  
o v c r a l l  densi ty and disappearance of heavy p a r t i c u l a t e  f o r  inc reas ing  range. 

A comparative p l o t  i s  represented i n  Figure 4.9 o f  the  p a r t i c l e  number d i s t r i b u -  
t i o n  as a func t i on  o f  leng th  and w id th  f o r  Tests 1, 2 and 3. 
correspond t o  an i n t e g r a t i o n  over the  225 sq. ft. f l o o r  area o f  the  t e s t  chamber 
based on t h e  assumption t h a t  the p a r t i c l e  d i s t r i b u t i o n  c h a r a c t e r i s t i c s  es tab l i shed 
by data reduct ion o f  the ava i l ab le  records cons t i t u ted  a reasonable approxima- 
t i o n  o f  the average over the e n t i r e  f l o o r  area. 

Figure 4.7 ind ica tes  the  instrumentat ion layout  

No major advantage f o r  any p a r t i c u l a r  op t ion  was 

The ord ina te  values 

I n  Figure 4.9 i t  i s  noted t h a t  the  several envelopes o f  occurrence frequency p e r  
length  i n t e r v a l  a re  q u i t e  s im i la r ,  w i t h  s i g n i f i c a n t l y  higher q u a n t i t i e s  f o r  Test 
3. No s t r i k i n g  t rend  i s  apparent i n  the  r e l a t i v e  occurrence pa t te rns  for t he  
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various width  domains. A plot of the data for Test 3 corresponding t o  the 
length interval of 1 t o  10 mn is shown i n  Figure 4.10. 

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

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

Millipore sensor arrays were located a t  a range of 200 f t  during Tests 4 and 5. 
Although a detailed quantitative evaluation was not performed, i t  appeared that  
the particles collected by the millipore f i l t e r s  were generally of lengths 
smaller t h a n  1 mn, w i t h  only a relatively small percentage of greater lengths. . 
The possibility cannot be discounted t h a t  d a t a  of this  nature were an accurate 
representatiop of the particle length distribution w i t h i n  the cloud segment 
t h a t  had propagated across the millipore collector network. A careful evalua- 
tion of the effectiveness of the millipore gages f ie ld  t e s t  conditions was not 
possible. 

Since some uncertainty developed regarding the efficiency of the millipore i n -  
strumentation which could not be resolved w i t h i n  the time frame of in te res t ,  
and since attention was being focused principally on particles i n  the 1 t o  20 mm 
length domain, i t  appeared advisable t o  replace the millipore sensors (47 mm) 
by the t u n a  can gages (8.26 cm) a t  200 f t  range i n  Test 8 i n  order t o  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 f ie ld  t e s t  considerations of i n -  
terest  was not intended to  undermine confidelxe i n  the millipore instrumenta- 
t i o n  for this application. 
effectiveness of millipore sensors for specific t e s t  conditions and data require- 
ments. 

Studies would be required t o  determine the range of 

Gaussian approximations of azimuth and range variations for the Test 5 sticky 
paper data yielded the particle density distribution shown i n  Figure 4.13 over 
par t ic le  length intervals of 1 t o  20 mn. 
detailed density variations w i t h  range for specific particle length .and w i d t h  
intervals are plotted i n  Figure 4.14. 
magnitudes t o  a f i r s t  order extent are relatively constant over the range of 
60 t o  200 f t  and t h a t  predominant lengths are i n  the 1 t o  3 mn interval and pre- 
dominant widths i n  the 5 t o  10 micron (singles) and 70-300 micron domains. 

For a constant azimuth of 5' west the 

The da ta  appear t o  indicate t h a t  the 
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The t e s t  conditions for Twts 5 and 6 were identical w i t h  the exception of the 
wind direction. The deposition footprint for Test 5 f e l l  w i t h i n  the bounds o f  
the instrumentation array as shown i n  Figure 4.11. However, due t o  a sudden 
change i n  wind direction a t  shot  time, the Test 6 footprint propagation axis was 
predominantly 20° west with relatively narrow dispersion i n  azimuth. Therefore 
a good se t  of sticky paper d a t a  was obtained principally along the 20° W strip. 

Estimates of the particle density variation along the pa th  of maximum densities 
were determined for Test 5. Comparison of th i s  data w i t h  the singular density 
values along 2OoW for Test 6 i s  shown i n  Figure 4.15. In general the patterns 
from 60 t o  200 f t  are i n  reasonably good agreement. An interesting manifesta- 
t i on  o f  the Test 6 data i s  the appearance of two h i g h  density regions a t  20 and 
80 f t  w i t h  a reduction by a factor of about 20 a t  50 ft. I t  is quite possible 
tha t  there are two segments of the particulate cloud such t h a t  close-by disper- 
sion and subsequent propagation may be attr ibuted t o  different phenomena. 

MASS ESTIPaTES 

Integration of the sticky paper data for Test 5 over the deposition footprint 
area from 60 t o  600 f t  yielded the total  par t ic le  number spectrum shown i n  Table 
4.1. Corresponding estimates of par t ic le  mass are presented in Table 4.2. A 
comparative p lo t  of the number and mass distribution i s  given i n  Figure 4.16. 
Although a relatively significant number of singles occur, the associated mass 
estimates are essent i a  1 ly negl i g i  bl e. 

I t  i s  interesting t o  note t h a t  the particle number distributions for  Test 3 i n  
Figure 4.10 and Test 5 i n  Figure 4.16 are very similar. 
occurred for the mass estimates. 
chamber t e s t  offered a good simulation of the f ie ld  t e s t  conditions i n  the parti-  
culate source generation. 

Comparable agreement 
I t  appears reasonable t o  conclude t h a t  the 

Data reduction techniques for sticky paper records permit cbservation of only 
length and wid th  parameters such t h a t  some approximations are required i n  order 
t o  establish mass estimates. Figure 4.17 indicates a number of representative 
profiles. 
values. Wi th  reference t o  thickness limitations measurements re la t ive to large 
samples of post-test debris yielded an upper l imit  generally of the order of 
150 microns which corresponded t o  the thickness of a single ply. 

I t  appears t h a t  du r ing  the burn phase depolymerization occurs more readily for  
the in t e r s t i t i a l  resin t h a n  f o r  the resin contained i n  close proximity t o  the 
fiber matrix in a single ply and thereby resulting in single ply pancake layer- 
ing prior t o  the explode phase. The plate sample was 0.25" thick and consisted 
of 40 ply o f  T-300/5208 graphite composite. 

Judgement factors are required even i n  establishing appropriate w i d t h  
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Based on the foregoing considerat ions,  mass estimates were determined by the 
fol1ow:'ng approximations: 

(a) Assume c y l i n d r i c a l  cross-sect ion f o r  widths l ess  than 150 microns, 
w i t h  mass given by: 

where M = p a r t i c l e  mass 
w = maximum p a r t i c l e  width 
L = maximum p a r t i c l e  length  
P = mass dens i ty  (1.6 gm/cc) 
S = shape f a c t o r  

The shape f a c t o r  i s  def ined by: 
Shape Factor = Observed P a r t i c l e  Area 

Maximum Length x Maximum Width 
w i t h  average values over most o f  t he  data genera l l y  about 0.6. 

(b) Assume t h a t  when the  widths a re  o f  a magnitude o f  lS0 microns o r  
greater  the th ickness has reached a constant upper l i m i t  o f  150 
microns such t h a t  the cross-sect ion i s  rectangular ,  w i th  mass 
given by: 

M = 1 . 5 ~ 1 0 - ~  w L p S 

A comparison o f  the  r a t i o  o f  p a r t i c l e  mass r e l a t i v e  t o  i n i t i a l  sample mass be- 
tween Tests 3 and 5 i s  shown i n  Figure 4.18 f o r  p a r t i c l e s  i n  the  length i n t e r v a l  
o f  1 t o  20 mn. 
cu la te  as w e l l  as f o r  the mass of s i n g l e  f i b e r s  only. 

Reasonably good agreement i s  observed f o r  the t o t a l  mass p a r t i -  

The mass o f  s ing les f o r  Test 3 corresponding t o  f i b e r  lengths o f  less  than 1 mn 
was estimated t o  be 4.0 gm or  about 0.462 o f  the  i n i t i a l  mass o f  873 gm. 

Figure 4.19 ind ica tes  a comparison o f  s i n g l e  f i b e r  mass estimates as repor ted  
by the Naval Surface Weapons Center i n  r e l a t i o n  t o  the TRW r e s u l t s  o f  Tests 3 
and 5. 
t es ts  were i n  a l l  cases T300/5208 p la tes,  12" x 12" x 1/4" i n  dimensions and 
40 p l y ,  w i t h  s i m i l a r  i n i t i a l  mass and burn times o f  20 minutes. 

The t e s t  sample f o r  the  NSWC chamber t e s t  and TRW chamber and f i e l d  

The NSWC t e s t  data ind ica ted  the  s ing le  f i b e r  mass as 1.782 o f  the i n i t i a l  mass, 
whereas the  TRW r e s u l t s  were a f a c t o r  o f  about 100 times l o w e r  w i t h  0.01% f o r  
Test 3 and 0.008% f o r  Test 5. 

The data reduct ion technique f o r  the NSWC records was a l i n e  i n t e r s e c t i o n  count- 
i ng  procedure f o r  s i n g l e  f i b e r s  developed by D r .  John Trethewey a t  the Dugway 
Proving Ground. 
aids.  

The TRW approach was d i r e c t  count ing by means of var ious o p t i c a l  
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A relative evaluation between the two techniques was performed recently based on 
a specified se t  of NSWC chaher  t e s t  records being analyzed for  single fibers 
only i n i t i a l ly  a t  Dugway and subsequently a t  TRW. Comparison of results by TRW 
and Dugway i n  December 1978 indicated t h a t  the Dugway l ine  intersection techni- 
que yielded number values consistently greater by a factor o f  about 2 t o  3 than 
obtained a t  TRW by the direct  counting method, w i t h  length values quite similar. 
A modification suggested by TRW of reducing the line wid ths  of the Dugway re- 
ference grids may lead t o  some reduction of the Dugway values and t h u s  b r i n g  the 
single fiber counting results into even better agreement. 
reasonable to  conclude that  the two d a t a  reduction techniques are i n  substantial 
agreement. 

A t  the present time there is no apparent explanation for the discrepancy by a 
factor of about 100 i n  single f iber  mass indicated by the NSWC and TRW data pre- 
sented i n  Figure 4.i9. 

I t  therefore appears 

BARREL TESTS 

INSTRUMENTATION LAYOUT 

The sticky paper array on the t e s t  pad for Test 8 consisted o f  8" x 10" sheets 
lobated a& 10 f t  spacing from 10'N t o  200'N over an azimuth range of 25OW t o  
25 E a t  5 intervals. A t  240', 400' and 600' North, the sticky paper distribu- 
t i o n  was similar t o  ear l ie r  tes t s  a t  NWC. Three ,series of tuna  can poles were 
were located Z O O ' ,  285'. and 600' North. 

For Tests 9 and 10 the sticky paper sheets on the t e s t  pad were spaced a t  20 f t  
over azimuths of ZOOM to  20°E a t  loo intervals. In addi t ion  t o  the unmodified 
sticky paper distribution a t  240 ' ,  400' and 600' North, rows of f i f t y  6" x 8' 
sticky paper s t r ips  spaced 50 f t  apa r t  were located a t  l O O O ' ,  1500', 2000' and 
3000' North. Tuna can vertical arrays were n o t  included. Bridal veil gages 
mounted on 9 '  x 10' frames spaced 100' a p a r t  were introduced a t  6000' N extend- 
i n g  from 1500'W t o  1500'E. 

TEST RESULTS 

Two s ingular  characteristics were observed i n  the data reduction of the Test 8 
records i n  t h a t  (1)  a large number of particle clusters had been generated and 
( 2 )  the frequency of occurrence of single fibers was generally about 80 t o  90 
percent of the total  particulate. 

Figure 4.20 portrays the nature 08 cluster pa r t i cu la t e  observed i n  the sticky 
paper sheets located along the 10 E radial direction. 
appearance resembling conglomerations of large numbers of single fibers with 
very l i t t l e  evidence of resin residue. The distribution of cluster w i d t h  and 
length dimensions observed on the t e s t  pad records i s  plotted i n  Figure 4.21. 
Sizes ranged from about 1 t o  9 i m  in  length and 0.25 t o  5 cm i n  wid th .  

The clusters are wispy i n  

Reductim o f  the Test 8 sticky paper records indicated the single f iber  density 
distribution shom i n  Figure f . 2 2 .  In  general, the total  number of particles 
for the barrel sample of Test 8 was quite comparable t o  the results of Test 5 
for the plate sample. 

t - 2 7  



Figure 4.23 shows a representat ive tune can record ('I mn mesh) a t  a range o f  
200' and e leva t i on  o f  27' i n d i c a t i n g  the  h igh percentage o f  s i n g l e  f i b e r s  and 
the presence o f  a p a r t i c l e  c lus te r .  The s i n g l e  f i b e r  dens i ty  d i s t r i b u t i o n  a t  
200' range i s  presented i n  F igure 4.24. I n t e g r  t i o n  over the  e n t i r e  network 
y i e l d s  a cumulative p a r t i c l e  t o t a l  o f  6.22 x 10 . Based on a mean diameter o f  
5.2 microns and mean length  o f  3.2 MII the  mass of s i n g l e  f i b e r s  i n teg ra ted  over 
the tuna can ar ray  a t  200 ft range i s  est imated as 0.76 gm. It i s  ev ident  f rom 
the  p a r t i c l e  dens i ty  d i s t r i b u t i o n  shown i n  F igure 4.24 t h a t  some unascertainable 
p o r t i o n  o f  the  f i b e r  c loud extended above and t o  t h e  east  of t he  30 ft tune can 
network. The t o t a l  extent  o f  the c loud i s  uncer ta in  as w e l l  as the  quest ion 
whether c loud format ion had developed i n  m u l t i p l e  modes. 

t 

Single f i b e r  d i s t r i b u t i o n s  in tegra ted  over the tuna can networks a t  200',  285' 
and 600' range are p l o t t e d  i n  Figure 4.25 as a func t i on  of f i b e r  l eng th  i n t e r v a l s .  
I n teg ra t i on  over the  respect ive contours y i e l d s  the fo l l ow ing  r e s u l t s  : 

Ranqe 

200 ft 
Tota l  P a r t i c l e  Number 

6.22 x lo6 
285 ft 1.41 x lo6 
600 ft 0.68  x lo6 

The at tenuat ion w i t h  range of the  t o t a l  p a r t i c l e  number may be a t t r i b u t e d  t o  
normal c loud d ispers ion and f a l l o u t  a t t r i t i o n ,  a l though some in f luence may have 
been exerted by va r ia t i ons  i n  c loud d i rec t i ons  due t o  changes i n  wind vectors.  

Figure 4.26 i nd ica tes  the  r e l a t i v e  frequency o f  occurrence o f  s i n g l e  f i b e r s  as 
r e l a t e d  t o  length  i n t e r v a l .  The average length  f o r  t he  d i s t r i b u t i o n  i s  3.20 mn. 

During Test 8 the b a r r e l  sample had been subjected t o  a ho t  propane burn f o r  20 
minutes fo l lowed by i n i t i a t i o n  o f  a h igh explos ive charge. The b a r r e l  sample o f  
Test 9 was placed a t  a he igh t  o f  several  f ee t  above a JP-5 pool f i r e  and sub- 
j ec ted  t o  sequent ia l  burns of 3 minutes and 6 minutes. I n  the case o f  Test 10, 
the b a r r e l  sample was loca ted  i n  a JP-5 pool f i r e  f o r  5 minutes and then sub- 
j ec ted  t o  an HE explosion. 

Sudden unfavorable wind condi t ions precluded a c q u i s i t i o n  o f  any data over the 
extensive d i s t r i b u t i o n  o f  s t i c k y  paper gages f o r  both Tests 9 and 10. Visual  
pos t - tes t  inspect ion on the t e s t  pad and o u t l y i n g  areas east of the t e s t  pad on 
Test 10 ind ica ted  t h a t  a new type o f  p a r t i c u l a t e  i n  the form o f  t h i n  laminar 
s t r i p s  had been generated o f  a nature no t  observed duving the e a r l i e r  t es ts .  
The general s t r i p  deposi t ion loca t ions  f o r  Test 10 are shown i n  F igure 4.27 
although a conprehensive e f f o r t  t o  map the deposi t ion reg ion  and accumulate the  
s t r i p s  f o r  f u r t h e r  study had not  been i n i t i a t e d .  
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MASS ESTIMATES 

Hass balance considerations for  Test 8 are sumnarized i n  Figure 4.28. Of an 
i n i t i a l  sample mass of 9230 gm about 40 percent, o r  3690 gm, constituted fiber 
mass. The post-burn sample mass was 575 gm indicating a loss of about 85 per- 
cent relative to  the in i t i a l  f iber  mass assuming the residual resin mass was 
negligible i n  view of the predominance of single f ibers  i n  the test  data. 

I t  appears therefore that  considerable oxidation o f  the AS f ibers  had taken 
place d u r i n g  the hot propane burn of 20 minutes. 
that  the post-burn fibers would manifest a graduated reduction i n  f iber  diameter 
depending on the individual degree of oxidation. 
measurements were made of the single fiber diameters from pre-test samples and 
post-test tuna can records. 
clearly indicate the influence of oxidation effects .  

I n  addition, i t  was anticipated 

By means of a metallograph, 

The diameter distributions shown i n  Figure 4.29 

With reference to the mass balance estimates of Figure 4.28 the t o t a l  post-test 
mass distribution integrated over the deposition footprint out  t o  3000 f t  
range FJS determined to  be about 120 gm. 
575 gm i t  appears therefore tha t  a differential  mass o f  455 gm 'iced be accounted 
for. 

In relation to the post-burn mass o f  

SPOILER TESTS 

INSTRUMENTATION LAYOUT 

On the t e s t  pad a vertical array of 342 gages were d i s t r i b u t e d  a t  5 f t  spacing 
along the nodal points o f  E 90'x90' Jacob's Ladder a t  180'N as shown i n  Figure 
3.30 .  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 i n  the form of a rectangular array from 80'W to  40'E and from 30'N 
to  190'N. 
20'W w i t h  reference to  the instrumentation coordinate system. 
instrumentation layout beyond the test pad was similar to  the distribution of 
Tests 9 and 10. 

I t  is noted that  the t e s t  sample or ground zero was located a t  114's 
The passive 

TEST RESULTS 

Surface Deposition 

The fallout particulate Were Only Sparsely d i s t r i b u t e d  throughout the en t i re  
sticky paper array. 
ranges of 30' to 90' North, and the corresponding data for range of 240' to 
3000'North a re  shown i n  Figure 4.32. 

Figure 4.31 indicates the particle densities observed for 
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Jacob's Ladder Data 

An overview o f  t h e  Jacob's Ladder p a r t i c l e  dens i ty  d i s t r i b u t i o n  i s  presented i n  
Figure 4,33 i n d i c a t i n g  the  r e l a t i v e  v a r i a t i o n s  over t h e  e n t i r e  ladder  network, 
The lowest dens i t ies  were c o n s i s t e n t l y  a long t h e  upper t h i r d  o f  the ladder  a r r a y  
whereas t h e  h ighest  d e n s i t i e s  were d i s t r i b u t e d  along the  bottom t h i r d  o f  t h e  
ladder. This behavior appears somewhat anomalous s ince o r d i n a r i l y  i t  might  be 
a n t i c i p a t e d  t h a t  h igher  dens i t ies  would have occurred a t  h igher  e levat ions w i t h  
progress ive lv  decreasing values as the  lower e levat ions were reached. This 
type of  d i s t r i b u t i o n  may poss ib ly  be a t t r i b u t a b l e  t o  t h e  in f luence o f  ground 
surface e f f e c t s .  

F igure 4.34 i nd ica tes  t h e  respect ive dens i ty  d i s t r i b u t i o n s  fo r  s ingles,  mu1 ti- 
p les  and clumps and t h e  r e l a t i v e  occurrence o f  each type f o r  t h e  one- th i rd  
segments o f  t h e  J x o b ' s  Ladder. 
predominate t h e  p a r t i c u l a t e  d i s t r i b u t i o n s  i r r e s p e c t i v e  o f  ladder  loca t ion .  
The r e l a t i v e  frequency o f  occurrence f o r  l e n g t h  i n t e r v a l s  i n  t h e  range o f  1 t o  
10 mm i s  p l o t t e d  i n  Figure 4.35. The average length  i s  2.79 mm. 

S t r i p  P a r t i c u l a t e  

I t  i s  noted t h a t  s i n g l e  f i b e r s  c o n s i s t e n t l y  

A pos t - tes t  survey ind ica ted  t h a t  a l a r g e  number o f  s t r i p - t y p e  p a r t i c u l a t e  o f  
t h e  nature shown i n  Figure 4.36 had been deposited t o  ranges extending o u t  t o  
6000 ft p r i n c i p a l l y  i n  t h e  nor theast  quadrant. A sweep br igade c o n s i s t i n g  o f  
t e s t  personnel was i n i t i a t e d  f o r  t h e  purpose o f  l o c a t i n g  and c o l l e c t i n g  t h e  
strips f x  d e t a i l a d  study.. ;errain condi t ions l i m i t e d  t h e  sweep req ion t o  wi th-  
i n  6000 ft range. Personnel w i t h i n  the br igade were spaced about 50 ft apar t  
w i t h  e f f o r t s  made t o  cover in termediate areas. 
90 percent o f  the t o t a l  number. Secondary and t e r t i a r y  sweeps added about 7 
percent and 3 percent respect ive ly .  

S t r i p  deposi t ion locat ions are  p l o t t e d  i n  Figure 4.37, w i t h  r e l a t i v e  azimuths 
shown i n  Figure 4.38. 
gence i n  d i r e c t i o n .  toward 10 E. 

The i n i t i a l  sweep y i e l d e d  about 

Af teroa range o f  2000 ft tnere appeared t o  be a conver- 

Figure 4.39 i nd ica tes  t h e  length  d i s t r i b u t i o n  as ii func t ion  o f  range. Although 
there were occasional s t r i p  lengths o f  about 50", a major p o r t i o n  were 
e s s e n t i a l l y  about 20" i n  length.  
52" l eng th  and 21" width.  

A c o r r e l a t i o n  between s t r i p  length  and s t r i p  width i s  p l o t t e d  i n  Figure 4.40. 
No s ingu la r  predominance o f  w id th  i s  apparent w i t h  values ranning almost 
equa l ly  from about 0.25" t o  1". The s t r i p  th ickness d i s t r i .  ' i o n  w i t h  range 
i s  shown i n  Figure 4.41. S ing le p l y  th ickness f o r  the  s p o i l e r  composite was 
137 microns, w i t h  o v e r a l l  thicknesses ranging from 2 t o  8 p l y .  

It appears there fore  t h a t  the s t r i p s  or ig inaLed as delaminations o f  the  com- 
pos i te  dur ing the e a r l y  phases o f  t h e  pool f i r e  caused by depolymerizat ion o f  
the  r e s i n  across i n t e r s t i t i a l  planes between p lys .  
compcsite s t rengtn permi t ted loosening of  the  rcspec t ive  plys and upward pro- 
j e c t i o n  caused by the s t rong updra f t  o f  t h e  pool f i r e .  

Pr inc ipa l  dimensions o f  t h e  s p o i l e r s  were 

Resul tant weakening o f  t h e  
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Occurrence frequency as a func t ion  o f  paramter i n t e r v a l  i s  p l o t t e d  i n  F igure 
4.42 f o r  t h e  length, w id th  and thickness d i s t r i b u t i o n s .  I t  was q u i t e  
s u r p r i s i n g  t o  note t h a t  the  peak i n  the th ickness d i s t r i b u t i o n  was i n  t h e  neigh- 
borhood o f  190 microns corresponding t o  1.5 p l y .  Some c o n t r i b u t i o n s  t o  t h i s  
domain most probably came from t h e  2 p l y  composite layers  over about one h a l f  
o f  the  lower s p o i l e r  surface. 

Figure 4.43 presents a 3D p l o t  o f  t h e  s t r i p  deposi t ion range dependence i n  terms 
of  r e l a t i v e  cont r ibu t ions  by the  var ious length  and w id th  i n t e r v a l s .  

Mass Estimates 

A mass balance analys is  i s  presented i n  Figure 4.44. The representa t ive  mass 
d i s t r i b u t i o n  f o r  a s p o i l e r  was recommended by R. A. Pr ide o f  NASA Langley. 
The i n i t i a l  composite mass for t h e  t e s t  samples was est imated as 8.3 l b ,  w i t h  
f i b e r  mass c o n s t i t u t i n g  70 percent o r  5.8 l b .  

A t o t a l  o f  4.8 l b  represented t h e  pos t - tes t  cumulative mass o f  composite debr is .  
Resin content t e s t s  o f  debr is  samples ind ica ted  an average o f  about 15 percent 
r e s i n  by weight. The n e t  cumulative f i b e r  weight was there fore  4.1 l b  r e s u l t -  
i n g  i n  a d i f f e r e n t i a l  mass o f  7.7 Ib, o r 3 0  percent o f  the i n i t i a l  f i b e r  mass. 

Spo l ie r  Test 12 

The inst rumentat ion l a y o u t  f o r  Test 12 was s i m i l a r  t o  Test 11. 
data ind ica ted  low p a r t i c l e  deposi t ions somewhat s i m i l a r  t o  Test 11. 
p a r t i c l e  dens i ty  d i s t r i b u t i o n  over the  Jacob's Ladder network i s  shown i n  Figure 
4.45. There i s  no apparent densi ty  g rad ien t  i n  t h i s  case as had been observed 
for Test 11. I t  i s  noted t h a t  the  t g t a i  number of  p a r t i c l e s  in te rcepted  by the 
Jacob's Ladder area was about 1 . 3 ~ 1 0  , a f a c t o r  o f  4 greater  than est imated f o r  
Test 11. 

S t i c k y  paper 
The 

I n  Figure 4.46 the v a r i a t i o n  o f  p a r t i c l e  dens i t ies  f o r  s ingles,  mu l t ip les ,  
clumps and l i n t  are compared i n  r e l a t i o n  t o  rows 1 t o  6, 7 t o  12 and 13 t o  18 
o f  the Jacob's Ladder. 
the  p a r t i c l e s  c o n s i s t e n t l y  over the  network s i m i l a r  t o  the  s i t u a t i o n  f o r  
Test 11. 

I n  general, t h e  s ing les  c o n s t i t u t e  about 80 percent o f  

COCKPIT TEST 

INSTRUMENTATION LAYOUT 

The t o t a l  passive inst rumentat ion ar ray  f o r  Test 13 was s i m i l a r  t o  the layouts  
fo r  Tests 11 and 12. 

TEST RESULTS 

Surface Deposi t ion 

Data reduct ion o f  the s t i c k y  paper records i n d i c a t e d  t h a t  a subs tan t ia l  number 
of  l i n t  p a r t i c u l a t e  had been deposited over the t e s t  pad area. Figure 4.47 
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i nd ica tes  the l i n t  d i s t r i b u t i o n  as observed on the records. 
was aoout 2.2 per square f o o t  welding a t o t a l  number o f  19,200 over t h e  12O'x 
160' area o f  the  sensor arrdy.  

The average d e n s i t y  

The d i s t r i b u t i o n  o f  t o t a l  p a r t i c l e  dens i t ies  from 30'N t o  190'N i s  shown i n  
Figure 4.48. 
Figure 4.49. 

Data corresponaing t o  ranges o f  240'N t o  3000'N are  presented i n  

Jacob's Ladder Data 

A la rge  d i s t r i b u t i o n  o f  l i n t  was a l s o  observed f o r  the Jacob's Ladder records. 
A photograph o f  several representat ive l i n t  p a r t i c u l a t e  i s  shown i n  F igure 4.50. 
The 1 i n t  p a r t i c u l a t e  dens i ty  d i s t r i b u t i o n  over the ladder network i s  presented 
i n  Figure 4.51 i n d i c a t i n g  on the  average t h a t  greater  number were located near 
the  lower elevat ions.  The t o t a l  number i n t e r c e p t i n g  the  e n t i r e  Jacob's Ladder 
was estimated as about 33,600. P l o t t e d  i n  Figure 4.52 are  contours o f  the 
r e l a t i v e  occurrence of l i n t  p a r t i c l e s  i n  r e l a t i o n  t o  length  i n t e r v a l  and 
length/width r a t i b .  
length/width r a t i o  as "S.5. 

'she average length  was found t o  be 8.37 mm and average 

Figure 4.53 ind ica tes  the  d i s t r i b u t i o n  o f  t o t a l  p a r t i c l e  dens i t ies  over t h e  
Jacob's Ladder. A s t r i k i n g  increase i n  dens i ty  f o r  decreasing e l e v a t i o n  i s  
again noted s i m i l a r  t o  t h e  r e s u l t s  i n  the s p o i l e r  Test 11. 
dens i t ies  f o r  s ingles,  mu l t ip les ,  clumps and l i n t  are shown i n  Figure 4.54 
w i t h  a comparison o f  r e l a t i v e  occurrence as d i s t r i b u t e d  over rows 1 t o  6, 7 t o  
12 and 13 t o  18 o f  the  Jacob's Ladder. I n  cont ras t  t o  the predominance o f  
s ing les f o r  s p o i l e r  Tests 11 and 12, one f inds  t h a t  m u l t i p l e s  and clumps qdvern 
about 60 t o  70 percent o f  the d i s t r i b u t i o n s .  

The r e l a t i v e  

Relat ive occurrence i n  r e l a t i o n  t o  length  i n t e r v a l  i s  p l o t t e d  i n  F igure 4.55. 
Average p a r t i c l e  length  i s  est imated as  2.71 mm. A comparison o f  p re- tes t  
and pos t - tes t  s i n g l e  f i b e r  diameters i s  shown i n  Figure 4.56. 
ox ida t ion  e f f e c t s  i s  again noted. 

The evidence o f  

S t r i p  P a r t i c u l a t e  

A l a r g e  d ispers ion o f  s t r i p  p a r t i c u l a t e  was again observed s i m i l a r  t o  the  
occurrence i n  s p o i l e r  Test 11. 
west quadrant. 
w i t h  r e s u l t i n ?  data crn deposi t ion loca t ions  and s t r i p  dimensions. 

The p r i n c i p a l  deposi t ion reg ion was +he north- 
A sweep br igade operat ion was i n s t i t u t e d  s i m i l a r  t o  Test 71 

A mapping o f  the s t r i p  deposi t ion pos i t ions  i 
corresponaing azimuth versus range p l o t t g d  i n  
the d ispers ion pa t te rn  was bounded by 15 W t o  
a t  d i s t a n t  northwest ranses the survey was i n  

r i g u r e  4.59 ind ica tes  the v a r i a t i o n  o f  s t r i p  
c o r r e l a t i o n  o f  s t r i p  lengths and widths shown 
sketch i n  Figure 4,60 p r i n c i p a l  dimensions o f  
lenqth,  49" width, and 25" height.  The s t r i p  

shown i n  Figure 4.57 w i t h  the 
Fiaure 4.58. 
30 W.  Due t o  t e r r a i n  l i m i t a t i o n s  
t i a t e d  a t  4500 ft. 

Beyond 2000 ft range 

ength versus range, w i t h  
i n  Figure 4.60. As noted by the  
the cockp i t  sample . ere 61" 
thickness d i s t r i b u t i o n  i s  p l o t t e d  

i n  Figure 4,61 a s  a func t ion  o f  range. 
p l y  w i t h  s i n g l e  p l y  th ickness o f  140 microns. 

The cockp i t  composite consisted o f  8 
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A comparison i s  shown i n  F igure 4.62 o f  the  v a r i a t i o n  o f  s t r i p  number with 
respect ive tn te rva l s  o f  length, w id th  and thickness. Approximately equal den- 
s i t i e s  occurred over the  range o f  4" t o  64" i n  length  and 0.25" t o  1" i n  width. 
With reference t o  the thickness d i s t r i b u t i o n ,  however, about 75 percent o f  t h e  
s t r i p s  were i n  the  thickness domain o f  0.9 t o  1.5 p l y .  

F igure 4.63 presents a 30 p l o t  o f  t he  s t r i p  depos i t ion  number as a func t i on  o f  
range i n  r e l a t i o n  t o  t h e  con t r i bu t i ons  corresponding t o  t h e  respec t ive  l e n g t h  
and w id th  i n t e r v a l s .  

Mass Estimates 

A mass balance ana lys is  i s  presented i n  F igure 4,64. The i n i t i a l  f i b e r  mass 
was estimated as 35.7 l b .  Post - test  cumulative mass o f  t h e  composite deb r i s  
from various sources was estimated as 10.0 l b .  
samples i nd i ca ted  an average r e s i n  content  o f  about 15 percent by weight. The 
n e t  f i b e r  mass o f  the  pos t - tes t  debr is  was there fore  8.5 lb ,  l eav ing  a 
d i f f e r e n t i a l  f i b e r  mass o f  27.2 l b  t o  be accounted f o r .  

Resin content  t e s t s  o f  debr is  

COMPARATIVE EVALUATION 

Comparisons o f  p a r t i c l e  l eng th  d i s t r i b u t i o n s  as funct ions o f  l eng th  i n t e r v a l  
a re  presented i n  Figures 4.65 and 4.66. 
q u i t e  s i m i l a r  f o r  a l l  o f  t he  tes ts .  

I n  general t he  fam i l y  o f  contours a r e  

A comparison of  s i n g l e  f iber p re - tes t  and pos t - tes t  diameters i s  shown i n  
Figure 4,67 f o r  p l a t e  Test 3, b a r r e l  Test 8, s p o i l e r  Test 11 and cockp i t  Test 
13. Oxidat ion e f f e c t s  were no t  very apparent f o r  t h e  p l a t e  sample, whereas 
s i g n i f i c a n t  reduct ion i n  average diameter occurred f o r  the  b a r r e l  , s p o i l e r  and 
cockp i t  samples. This r e s u l t  may poss ib ly  be a t t r i b u t e d  t o  the  r e l a t i v e l y  few 
p l y  o f  t he  l a t t e r  mater ia ls  whereby heat ing e f f e c t s  would cause the  r e s i n  t o  
disappear e a r l y  and permi t  ox ida t i on  o f  the  exposed f i b e r s .  

A comparative tabu la t i on  o f  average p a r t i c l e  lengths and average s i n g l e  f i b e r  
Ciameters i s  presented i n  Figure 4068. The average lengths  are  q u i t e  compar- 
ab le  r a q i n g  from about 2 t o  3 mn. 
s p o i l e r  and cockp i t  samples averaged about 70 percent o f  the  respec t ive  i n i t i a l  
diameter. 

The pos t - tes t  diameters f o r  t he  b a r r e l ,  

P a r t i c l e  dens i ty  c h a r a c t e r i s t i c s  and the  r e l a t i v e  con t r i bu t i ons  o f  the  var ious 
types o f  p a r t i c u l a t e  corresponding t o  t h e  Jacob's Ladder data o f  s p o i l e r  Tests 
11 and 12 and cockp i t  Test 13 are compared i n  Figure 4.69. The s p o i l e r  t e s t  
data manifests a s t rong predominance o f  s ing les  whereas m u l t i p l e s  and clumps 
combined con t r i bu te  the  major f r a c t i o n  o f  p a r t i c l e s  toward t h t  cockp i t  t e s t  
data. With reference t o  t h e  s t rong dens i ty  increase w i t h  decreasing e leva t i on  
shown by the Test 11 and Test 13 p lo t s ,  the T e s t  12 data r e f l e c t s  a r e l a t i v e l y  
uniform dens i ty  d i s t r i b u t i o n  over the ladder  network as noted i n  Figures 4.33, 
4.45 and 4.53. 

Figure 4.70 presents a comparative p l o t  o f  s t r i p  dimensions f o r  t he  s p o i l e r  Test 
11 and cockp i t  Test 13. Glith reference t o  the  l eng th  comparison, about 63 
percent of the  s t r i p  lengths f o r  T e s t  11 were i n  the  i n t e r v a l  o f  12" t o  24" 
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whereas no s ingu la r  predominance was observed f o r  .Test 13. The w id th  d i s t r i b u -  
t i ons  f o r  t he  two t e s t s  are q u i t e  comparable w i t h  r e l a t i v e l y  srnztll d i f fe rences .  
Examination o f  the th ickness d i s t r i b u t i o n s  ind ica tes  t h a t  r e l a t i v e  t o  s i m i l a r  
s i n g l e  p l y  dimensions the  Test 11 data r e f l e c t s  a predominance i n  t h e  i n t e r v a l  
from 0.9 t o  1.2 p l y  th ickness as compared t o  1.2 :D 1.5 p l y  th ickness f o r  t he  
Test 13 data. 

Comparison of p a r t i c l e  number and mass corresponding t o  the  s t i c k y  paper data 
f o r  the  var ious tes ts  i s  shown i n  Figure 4.71. With re ference t o  t h e  p a r t i c l e  
number data r e l a t i v e l y  good agreement i s  observed w i t h i n  the  s e t  o f  chamber t e s t  
data from Tests 1, 2 and 3,  and w i t h i n  the s e t  o f  f i e l d  t e s t  data from Tests 4, 
5, 6, 11 and 13. The d i f f e rence  between the two sets  of data i s  a h igher  occur- 
rance f o r  l a r g e r  p a r t i c l e  lengths i n  the  f i e l d  tes ts .  I n  conjunct ion wi th the  
mass data goo; asreement again occurs w i t h i n  the chamber t e s t  data o f  Tests 1, 
2 and 3. However, t he  f i e l d  t e s t  data manifest  l a rge  va r ia t i ons  i n  s p e c i f i c  
values f o r  the  length i n t e r v a l  spectrum between the  s e t  f o r  Tests 4, 5 and 6 and 
t h a t  o f  Tests 11 and 12. Reasonable agreement i s  observed w i t h i n  p l a t e  t e s t  
data f o r  Tests 4, 5 and 6 w i t h  enhanced values f o r  the h igher  length  i n t e r v a l s  
as compared t o  the p l a t e  t e s t  data of Tests 1, 2 and 3. 

F igure 4.72 presents a comparison o f  deposi t ion mass r e l a t i v e  t o  i n i t i a l  mass 
f o r  the p la te ,  bar re l ,  s p o i l e r  and cockp i t  t e s t s  f o r  p a r t i c l e  lengths o f  1 t o  
20 mm. For p l a t e  l e s t  3 t h e  mass deposi t ion data i nd i ca ted  capture of a t o t a l  
o f  19% o f  the  i n i t i a l  composite mass f o r  a l l  pa r t i cu la te .  
e f f i c i ency ,  on ly  0.01% of -  the i n i t i a l  composite mass was observed as s i n g l e  f i b e r  
mass. S imi la r  r e s u l t s  were obtained f o r  p l a t e  Test 5 o f  12% t o t a l  mass and 0.008% 
s i n g l e  f i b e r  mass, respec t ive ly .  

For t h i s  h igh  capture 

LABORATORY ANALYSES 

Laboratory s tud ies o f  p re - tes t  and pos t - tes t  samples wers performed i n  an e f f o r t  
t o  explore mater ia l  p roper t ies  which may have cont r ibu ted  toward generat ion o f  
t he  p a r t i c u l a r  p a r t i c l e  cha rac te r i s t i cs  observed dur ing t h e  respect ive burn and 
explode tes ts .  Determination o f  r e s i n  content was made by means o f  an a c i d  d i -  
gest ion procedure. Thermal p roper t i es  were i nves t i ga ted  by oven t e s t s  and thermal 
grav imetr ic  analyses (TGA). 
Termai Analyzer coupled w i t h  a Dupont No. 951 Thermogravimetric Analyzer Attach- 
inen t . 

The TGA equipment consjsted o f  a Dupont No. 990 

Compos!te mater ia ls  consisted f o  the fo l low ing :  

Sample Cornposi t e  

P la te  T300/NARMCO 5208 
Bar re l  AS/APCO 2434 
Spoi l e r  T300/NARMCO 5209 
Cockpit T300/NARMCO 5208 
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Resin content t es ts  ind ica ted  approximately 30% r e s i n  by weight for  the  p la te,  
s p o i l e r  and cockp i t  p re- tes t  samples. However, f o r  the  case o f  the  b a r r e l  
sample o f  l e s t  8, the  r e s i n  content  was found t o  be 50%. I n  addstion, t he  
composite dens i ty  f o r  the  b a r r e l  was found t o  be o n l y  1.09 gm/cm i n d i c a t i n g  a 
vo id  r a t i o  o f  about 30%. Normally vo id  r a t i o s  a r e  i n  t h e  range o f  1 t o  2%. 
Discussions with R. Shuford o f  t he  Army Mater ia l  and Mechanics Research Center 
ind ica ted  t h a t  two types o f  b a r r e l s  had been suppl ied for  t he  NWC tests ,  w i th  
Type A subjected t o  the  ho t  propane burn and explode o f  Test 8 and type B 
u t i l i z e d  i n  the  JP-5 pool f i r e  events o f  Tests 9 and 10. The two b a r r e l  types 
had been manufactured by d i f f e r e n t  processes a t  d i f f e r e n t  times. For the  case 
of  Type A Shuford ind ica ted  t h a t  a l a r g e r  vo id  r a t i o  than normal ly  might  be 
an t i c ipa ted  such as perhaps 10 t o  15%. 

Oven and TGA t es ts  were conducted i n  the  temperature ranges compatible w i t h  t e s t  
condi t ions.  
s o l i d  curves i n  Figure 4.73. 
1/?6”, 1/8” and 3/16” o f  the  1/4” sample. 
cated a sharp r i s e  i n  temperature w i t h i n  a per iod  o f  about 1 minute a t  a l l  
l eve l s  w i t h  a more gradual inc reas ing  r a t e  f o r  the  subsequent 19 minutes o f  the  
burn phase. 

The thermal h i s t o r y  o f  the p l a t e  sample o f  Test 6 i s  shown by the  
Themcoup le  measurements were made a t  depths of 

The contours i n  F igure 4.73 i n d i -  

The dashed curves o f  Figure 4 . 8 3  were the  r e s u l t  o f  a 1D a n a l y t i c a l  model 
assuming a heat source o f  2200 F being app l ied  t o  the f r o n t  surface o f  a i / 4 ”  
p l a t e  wi th insu la ted  back surface. Tbe thermal conduc t i v i t y  o f  the  T380/5208 
p l a t e  was assumed t o  be 10 BTU/HR/FT/ F, s p e c i f i c  heat as 38.8 BTU/LB/ F and 
dens i ty  as 1 . 5 7  gm/cc. 
Figure 4.73 ind ica tes  t h a t  the  1D model i s  i n e f f e c t i v e  i n  descr ib ing  the  therm- 
a l  h i  s t o r y  adequately . 

The poor agreement between the two sets  o f  contours i n  

The edge e f f e c t s  appear t o  be important from the standpoint  o f  heat being prop- 
agated along the f i b e r s  and i n t e r s t i t i a l  r e s i n  layers  i n  the exposed l a t e r a l  
surfaces. 
i n s i g h t  i c - 0  mass loss  cha rac te r i s t i cs  o f  the  var ious composite samples, the 
requirement being t h a t  h igh  temperatures be introduced r a p i d l y  t o  s imulate 
the environments o f  the  samples dur ing  the  f i e l d  tes ts .  

Figure 4.74 shorrs the nature o f  the  temperature d i s t r i b u t i o n  w i t h i n  a JP-5 j e t  
fuel f i r e .  Thermocouple data dur ing  the s p o i l e r  Test 11 p l o t t e d  i n  Figure 
4.75  i nd i ca te  t h a t  the thermal r i s e  times are  very shor t  with peak tempera- 
tu res  comnensurate k i t h  the pool f i r e  temperatures estimated a t  an e leva t i on  
D f  about 6 ft corresponding t o  the t e s t  sample l oca t i on .  

A t ten t i on  was there fore  focussed on oven and TGA t e s t s  t o  gain some 

TEST RESULTS 

Oven Tests 

A thermocouple record obtained dur ing  an oven t e s t  o f  a p l a t e  sample i s  sh8wn 
i n  Figure 4 * 7 6 .  The sample s i ze  was 0.2” cube and oven temperature o f  960 F. 
An e f f o r t  was made t o  i n s e r t  the sample and c lose the oven door r a p i d l y  i n  
order  t o  minimize the drop i n  temperature and t i m e  per iod t o  rees tab l i sh  the 
o r i g i n a l  960 F. 
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A slight increase i n  termperature occurred a t  the early stages due to an 
exoihermic reaction during depolymerization of the resin. A level of about 
980 F was sustained for a number o f  minutes u n t i l  spontaneous ignition of the 
T300 fiber gccurred a t  about 11 minutes w i t h  an associated increase i n  temper- 
ature of 80 F. 

Other tes ts  were performed a t  the same oven temperature bu t  terminated a t  
different time periods both less t h a n  and greater 'than the ignition time t . 
Samples were weighed before and after each test .  Corresponding MSS loss 8ata 
indicated an S-shaped pattern w i t h  gradual loss rate prior t o  to, a rapid 
increase for a short period following to and then a return t o  a more gradual 
rate. 

TGA Tests 

Figure 4.77 i l lust rates  the thermal history and time history o f  mass loss from' a 
TGA t e s t  of a plate sample of 0.08" cube dimensions. The usual ~rocedurg for 
TGA tes ts  is t o  increase the temperature a t  a rate o f  perhaps 10 F t o  20 F per 
minute up t o  the required peak value. Time periods of the order of a n  hour 
would be involved in reaching temperatures of interest  of about 1000 F. T h i s  
long duration of  the heating process would not be a reasonable simulation of 
the field tes t  burn environment. 

The TGA procedure was therefore modified ir ,  order to offer a better simuTation 
of the field t e s t  conditions. The TGA equipment consists of a hollow cylin- 
drical oven heated by a Series of coils and an independent g lass  b u l b  w i t h i n  
whfch the sample i s  placed i n  a small p la t inum boat, w i t h  a thermocouple being 
located inside the bcdt i n  close proximity t o  b u t  not i n  contact w i t h  the sample. 
A thermostatic cut-off control regulates the oven temperature to  the designated 
settings. 

Normally the sample i s  placed i n  the boat, the mass balance se t  a t  loo%, the 
b u l b  inserted into the oven and then the heating process init iated.  T h i s  pro- 
cedure was modified such that the oven was f irst  heated to the required temper- 
ature and then the bu lb  inserted into the oven chamber. As a result  the temp- 
erature rose to  the required levels i n  time periods of only about l- ' to 1.5 
minutes as seen from the thgrmal history record i n  Figure 4.77 where the peak 
temperature setting was 960 F. 

In Figure 4.71 a mass loss o f  20% occurs quite rapidly due to  depolymerization 
of the resin. A t  about 12 minutes a sudden increase i n  temperature occurs 
coupled w i t h  a large increase i n  mass loss rate. 
oven t e s t  data and reflects spontaneous ignition of the T300 fiber. 

T h i s  effect  is similar t o  the 

TGA tes ts  were performed for pre-test samples of the various composfte materials, 
namely plate, barrel, spoiler and  cockpit. 
inclcded i n d i v i d u a l  T-300 fibers. Test durations in a l l  cases were 20 minutes 
w i t h  TGA pre-heat values progressively increased for subsequent tes t s  u n t i l  the 
mass loss reached 80%. 

In a d d i t i o n  the t e s t  samples also 

Results of  these tes ts  are shown i n  Figure 4..78. 
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Two s i g n i f i c a n t  aspects o f  the  data a r e  t h a t  t h e  s p o i l e r  (T300/5209) curve 
corresponds t o  temperatures lower than the  ba r re l  (AS/2434) curve r a t h e r  than 
i n  c lose p rox im i t y  t o  t h e  p l a t e  (T300/5208) and cockp i t  (T300/5208) curves. 
t e s t s  o f  cured 5208 and 5209 r e s i n  samples i nd i ca ted  s i m i l a r  mass loss charac- 
t e r i s t i c s  as 2 f unc t i on  o f  pre-heat temperatures. 

TGA 

Based on the  data o f  Figure 4.78 i t  would appear t o  a f i r s t  o rder  ex ten t  t h a t  
t he  s p o i l e r  composite may have been AS/3501 which was one o f  t he  f i b e r h e s i n  
systems used i n  s p o i l e r  manufacture. 
Langley i t  appeared advisable t o  check the  s p o i l e r  data by TGA t e s t s  on another 
independent s p o i l e r  sample suppl ied by NASA and s p e c i f i e d  a s  ?300/5209. Com- 
par ison o f  the  two se ts  o f  s p o i l e r  data i s  shown i n  Figure 4 79 i n  a d d i t i o n  t o  
se ts  o f  s i m i l a r  TGA data f o r  f o u r  p l a t e  samples from d i f f e r e n t  sources. There 
i s  exce l len t  agreement among the  respec t ive  sets o f  data f o r  t he  p l a t e  and s p o i l e r  
samples. One explanat ion f o r  t he  anomaly between t h e  s p o i l e r  and p l a t e  curves 
of Figure 4.78 i s  n o t  r e a d i l y  apparent unless the  bands o f  response f o r  var ious 
T300 and AS composites woula n o r i a l l y  overlap. Another poss ib le  explanat ion i s  
t h a t  c a t a l y t i c  e f f e c t s  by the  depolymerization products o f  the 5209 r e s i n  may 
lower the  ox ida t ion  temperatures o f  T-300 f i b e r s  more than achieved by t h e  5208 
r e s i n  i n  the  cockp i t  and p l a t e  samples. 

The secondofeature o f  Figure 4.78 t h a t  commands a t t e n t i o n  i s  t h e  d i f f e r e n c e  o f  
200 t o  300 F between the  curves f o r  T300 f i b e r  and T300 composite. It appears 
t h a t  some type o f  c a t a l y t i c  e f f e c t  takes place f o r  t h e  composite and t h a t  
depolymerization o f  t he  r e s i n  causes ox ida t i on  o f  t h e  T300 f i b e r  a t  lower 
temperatures. Reaction residues on t h e  surface o f  t he  f i b e r  may lower t h e  
a c t i v a t i o n  energy l eve l s .  

! 
A representat ive TGA thermal hastory f o r  i n d i v i d u a l  T300 f i b e r s  corrresponding t o  
a pre-heat temperature o f  1254 F i s  shown i n  Figure 4,80, together w i t h  a 
family o f  t ime h i s t o r y  contours f o r  var ious pre-heat temperatures. 
i n t e r e s t  t o  note t h a t  f o r  t h e  e n t i r e  sf* o f  TGA records f o r  t he  T300 f ibers  
there  was no evidence o f  spontaneous i g n i t i o n  a t  any stage as had occurred 
w i t h  the  T300 composite i n  t h e  oven t e s t  (Figure 4.76) and TGA t e s t  (Figure 
4.77). 
i z a t i o n  o f  t he  r e s i n  may a l s o  i n f l uence  the  p r o b a b i l i t y  o f  spontaneous i g f i i t i o n  
and therby increase t h e  corresponding mass loss  due t o  a f i r e  environment. 

A t  t he  suggestion o f  R. P r ide  o f  NASA 

It i s  of 

I t  appears there fore  t h a t  the c a t a l y t i c  e f f e c t s  caused by depolymer- 

Oxidation Rate 

An e f f o r t  was made t o  determine the ox ida t i on  r a t e  and t ime h i s t o r y  f o r  i n d i -  
v idua l  T300 f ibers  i n  o rder  t o  e s t a b l i s h  a p o t e n t i a l  frame o f  reference toward 
evaluat ion of  t he  d i f f e r e n t i a l  mass l oss  estimates f o r  t h e  var ious f i e l d  tes ts .  

The mass loss r a t e  per u n i t  area i s  given by the  Arrhenius equation, namely: 

where IPI = mass loss  r a t e  

A = surface area 
T = temperature (OK) 
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AH = activation energy 
R = u,iiversal gas constant 
c = constant coefficient 

with mo as the in i t i a l  mass and A, the in i t i a l  surface araa. 

Based on the data of Figure 4.t3, a plot i s  shown i n  Figure 4.81 of I n  #/A vs 
1/T.  The family of straight lines ccrresponding t o  m/m values of 0.60, 0.70 
and 0.85 indicate uniform slopes. 
A H  was determined t o  be 31.0 kcal/mole. The oxidation rate equation i s  then; 

By mem of the s lop@ the activation energy 

- A H  lo3 e = -  - -  # - 7.10 
A T1/? RT 

Integration of the Arrhenius equation yielded the curve presented i n  Figure 4.82 
for the total o x i d a t i o n  time for single T-300 fibers.  Single fibers exposed t o  
140OoF would be completely oxidized i n  a b w t  1 C  minutes w i t h  oxidation time for 
160OoF k i n g  about  3 minutes. 

In view of the f ie ld  t e s t  conditions regarding temperature environments and burn 
times i t  appears quite readily t h a t  considerable mass loss could have occurred 
on occasions when single .fibers were exposed fol lowing depolymerization o f  the 
resin. A consideration of th i s  nature would warrant attention i n  mass balance 
evaluations associated w i t h  the f ie ld  tes t s .  

FIBER OXIDATION 

One of the most importarlt results of this study i s  the f i n d i n g  that substantial 
quantities of carbon from b u r n i n g  composites can be oxidized. Attention was 
focused on two major aspects of f iber oxidation, namely, experimental evidence 
of reduction i n  sihgle f iber  diameter and theoretical verification o f  the pos- 
s i b i l i t y  of significant mass loss over short time periods due t o  the h i g h  f i r e  
temperatures and associated fiber oxida t ion  rates. 

As noted from the comparison of single fiber pre-test and post-test diameters 
shown i n  Figure 4.67, only small diameter reductions were noted for the plate 
tes t s  wherea: relatively large reductions were observed for  the barrel, spoiler 
and cockpit t es t s .  This variation may possibly be attr ibutable principally t o  
the thickness o f  the plates (0.25 inches) 8s compared t o  the thin skins (tens of 
mils) of the barrel, spoiler and cockpit samples. Other contributing factors 
most probably were differences i n  burn  phenomena associated w i t h  h o t  propane 
flames vs large j e t  fuel f i r e s ,  as well as response characterist ics 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 d a t a  i t  i s  
recognized t h a t  the degree of fiber ox ida t ion  would be o f  major consequence to-  
ward resolution of differential  magnitudes. A question of interest  investigated 
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d w i n g  t h e  course of t he  study was whether 3 s i g n i f i c a n t  mass loss  can occur 
over shor t  periads o f  t ime.  For the  spectrum o f  temperatures associated w i t h  
a JP-5 j e t  f u e l  f i r e  as skmn i n  Figure 4.74, i t  appears t h a t  T-300 f i b e r s  o f  
t he  t h i n  s p o i l e r  and cockp i t  s t r u c t u r a l  r i t e r i a l s  w i t h  few conposite p l y  could 
have been completely ox id ized  dur ing  the  sho r t  du ra t i on  o f  several minutes o f  
t he  corresponding JP-.5 f i r e s  as i nd i ca ted  by the  a n a l y t i c a l  r e s u l t s  o f  Figure 
4.82. 

It i s  o f  i n t e r e s t  t o  note t h a t  esca i ing  s i n g l e  f i b e r s  o f  reduced diamcter w i l l  
have lower s e t t l i n g  v e l o c i t i e s  and there fore  may be propagated t o  g rea ter  d is -  
tances. 
, ! f fect ively be gredter f o r  smal ler  diameter f i b e r s .  

I n  addi t ion,  t he  degree o f  penetrabi t i t y  o f  v e n t i l a t i o n  f i l t e r s  w i l l  

The occurrance o f  s i n g l e  f i b e r  diameters i n  the  1 t o  2 micron domain as shown 
by the data o f  Figure 4.67 i nd i ca tes  t h a t  a t t e n t i o n  need be focused on the ques- 
t i o n  of p o t e n t i a l  hea l th  hazards. 

SUMMARY AND CONCLUSIONS 

A b r i e f  sumnary o f  the  p r i n c i p a l  h i g h l i g h t s  and conclusions associated w i t h  the  
passive instrumentat ion data reduct ion and ana lys is  i s  presented as fo l lows:  

0 S ingu la r  p a r t i c u l a t e  cha rac te r i s t i cs  f o r  the  respec t ive  t e s t  
samp 1 es we re: 

0 P l a t e  - Clumps 
a Bar re l  - Singles and Clusters 

a Spo i l e r  - Singles and S t r i p s  
0 Cockpit - L i n t  and S t r i p s  

0 P a r t i c l e  length  d i s t r i bu t~4ons  were q u i t e  s ’mi la r  f- a l l  t e s t s  
w i t h  reference t o  r e l a t i v e  occurrence as a fu t l c t ion  o f  leng th  
i n t e r v a l ,  w i t h  average lengths general ly ranging from 2 t o  3 mm. 

a E f fec ts  o f  f i b e r  ox ida t ion  are manifested by reduc t ion  d f  post-  
t e s t  s i n g l e  f i b e r  diameters as compared t o  p re - tes t  values. 

- 

0 Single f i b e r  mass as c o l l e c t e d  o r  accounted f o r  by depos i t ion  wus 
general ly less  than 0.1% o f  i n i t i a l  composite mass f o r  a l l  t es ts .  

a Uncer ta in t ies  e x i s t  regarding the degree t o  which f i b e r  clouds may 
have been l o f t e d  beyond tho o f  passive instrumenthi ion,  par-  
t i c u l a r l y  r e l a t i v e  t o  s i n g l e  f i b e r s  which would have be, en more sus- 
c e p t i b l e  due t o  c h a r a c t e r i s t i c  low mass and slow f a l l  v e l o c i t f e s .  
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Close agreement between p a r t i c l e  d i s t r ibL t ions  f o r  p l a t e  Tests 
3 and 5 ind ica tes  t h a t  CTS chamber test offered a good sirnula- 
t i on  of t he  NWC f ie ld  test and t h a t  the p d r t i c l e  deposit ion for 
Test 5 most probably occurred pr inc ipa l ly  within the bounds of 
the passive instrumentation array due t o  favorable  meteorological 
conditions.  

0 Mass deposit ion da ta  f o r  p l a t e  Tests 3 and 5 indicated a t o t a l  
capture of 10 t o  20 percent of the i n i t i a l  composite mass f o r  
a l l  pa r t i cu la t e  i n  the l e n g t h  in te rva l  of 1 t o  20 m, whereas 
the single fiber mass ccrresponding t o  this h igh  capture ef- 
f ic iency was only about 0.008 t o  0.01 percent. 

0 Single  fiber mass data  from NSWC chamber tests appear t o  be 
grea te r  than TRW results from Tests 3 and 5 by a f ac to r  o f  about 
100 f o r  s imi l a r  p l a t e  samples and burn  times. 

0 Jacob's Ladder data f o r  Tests 11 and 13 indica t ing  increasing 
p a r t i c l e  densities w i t h  decreasing elevat ions may possibly be 
a t t r i b u t a b l e  t o  ground surface e f f e c t s .  

0 S t r i p  thickness domains f o r  Tests 11 and 13 were predominately 
i n  the range of 1 t o  2 ply.  

0 Cat?!ytic e f f e c t s  due t o  resin depolymerization cause reductions 
i n  oxidation i n i t i a t i o n  temperatures of T-300 fibers. 

0 T h i n  s t ruc tu ra l  mater ia ls  w i t h  few composite ply would be sus- 
cep t ib l e  i n  JP-5 fires t o  evolution of strip-type p a r t i c u l a t e  and 
mass l o s s  due t o  f iber  oxidat ion,  w i t h  the p o s s i b i l i t y  t h a t  s ign i -  
f i can t  mass lo s s  can occur over sho r t  time periods because of the 
exis tence o f  temperatures considerably i n  excess of the  oxidation 
i n i t i a t i o n  temperatures and the associated fiber oxidation r a t e s .  
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5. ACTIVE INSTRUMENTATION: DATA REDUCTION AND ANALYSIS 

The 1978 f ie ld  testing program a t  the Naval Weapons Center (NWC) China Lake, 
California was required t o  sample the fiber cloud dispersed over a wide area. 
In conjunction w i t h  the passive instrumentation techniques used t o  determine 
deposition over a very wide area, a relatively large number of active instru- 
ments designed t o  measure the instantaneous fiber concentration and mass f 1 ux 
were deployed. One group of these instruments, described i n  Section 6, was 
designed t o  detect the overall cloud characterist ics from afar by photographic 
and infrared imaging techniques. The second group of instruments, described i n  
this section, was designed to detect a t  selected. points f ibers  essentially " i n  
vivo".  The second group included LED, h i g h  voltage ball and microwave detector 
systems. These three detzctor systems were confined t o  positions near the 
ground and should be relatable t o  the deposition as seen by the passive instru- 
ments on the ground below. Each of the major three detector systems deployed 
were mounted on wooden stands approximately 5 f t  from the actual ground. 

The three detector systems were selected and developed for  the program so tha t  
the very wide range of f iber  concentrations and fiber lengths expected might be 
covered. The l i g h t  emitting diode (LED) system, developed b.y TRW and deployed 
i n  quantities of 20-22, was the most sensitive device used and could be u t i -  
l i zed  to the far thest  distances from the generation source. I t  also,  by i t s  
nature, could detect down to  fiber lengths less  than 1 mn long. Since i t  oper- 
ates by simple l ight  obscuration, i t  i s  incapable of differentiation between 
carbon f ibers  and other kinds of non-conducting f ibers ,  and for the Complicated 
f iber  d i s t r i b u t i o n  expected for f ie ld  tes t s  does not lend i t s e l f  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 )  
s t a t i s t i c s  relationships. 

The ball gage system, originally invented a t  USABRL, Aberdeen, Md. , and devel- 
oped fo r  f ie ld  use by TRW is somewhat less  sensitive than the LED system and 
was generally deployd closer i n  t o  the sample burns. 
ab i l i t y  t o  measure the f iber  length through the pulse height o f  any event 
impinging  on the h i g h  voltage ball ,  a t  least  down to the noise threshold. Th i s  
threshold was se t  for measuring greater t h a n  3-4 mn f iber  lengths for  the t e s t s  
i n  the NWC series.  The complicated instrumentation employed for this detector 
d i d  n o t  allow for a large number of systems t o  be operated. Of the 10 systems 
employed only six were operable generally i n  the mode where both f iber  concen- 
t r a t i o n  and f iber  length could be obtained. The four remaining detectors ob- 
ta ined on loan from BRL were attached to  a device only capable of measuring the 
concentration. For reasons discerned la te r  this form of readout proved not t o  
be very useful. 

The microwave gage systen, developed a t  TRW, operated on the principle of the 
absorption of microwave energy by fibers between a transmit horn ar?d receive 
horn spaced abou t  fwt- i n .  apar t .  This system was designed t o  be sensit ive 
where the other two gage systems would saturate. I t  naturally mnasured mass 
flux and concentration and was deployed the closest t o  the sample burns. 

I t ,  however, has t h P  
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Because o f  t h i s  i n s e n s i t i v i t y  f o r  many o f  the  t e s t s  t h e  data re tu rns  were very 
sparse f o r  t h i s  system. 

C lass i f ied  as a c t i v e  instrumentat ion,  as wel l ,  a r e  those devices which were 
u t i l i z e d  t o  determine the flame and 
flame temperature, sample temporaturel dur ing  the  t e s t .  Data from t h e  thermo- 
couples a r e  presented i n  t h i s  sec t ion  as i s  t h e  data obtained from a f lame 
velocimeter developed dur ing  the program. Dur ing t h e  course o f  the t e s t  se r ies  
several o ther  detector  systems were deployed under a development e f f o r t .  Data 
from these systems i s  b r i e f l y  presented where i t  appears t o  prov ide use fu l  data 
on the  phenomena. 

- C t  sample parameters (e.g. .flame ve loc i t y ,  

The data reduc t ion  i s  presented i n  the  categor ies of t e s t  samples burned and/or 
expl  o d d  : 

0 f l a t  p l a t e  
0 ba r re l  
0 s p o i l e r  
8 cockp i t  

Wi th in  each of these categor ies,  there a r e  discussions o f  each separate tes t .  
Thus, under the  f l a t  p l a t e  category four t e s t s  a r e  descr ibed (Test Nos. 4, 5, 
6 and 7). Within each t e s t  the  data i s  repor ted according t o  inst rument  type. 
Under each t e s t  the  sequence o f  instrument types i s :  

0 thermocouple 
0 LED detec tor  
0 h igh vo l tage b a l l  de tec tor  
0 microwave de tec tor  
o other  detectors  

The data i s  presented i n  t h i s  sec t ion  w i t h  no d e s c r i p t i o n  o f  the aEtectors  and 
l i m i t e d  reference t o  the  data trends. 
and meteorological  data.  
a c t i v e  and passive data i s  made. 
and discussed. 

Sect ion 6 discusses t h e  photographic 
I t  i s  i n  Sect ion 7 t h a t  the  comparison between the  

I n  Sect ion 8 the  data t rends a r e  i d e n t i f i e d  

FLAT PLATE TESTS AT NWC 

Three t e s t s  were performed i n  the  regu la r  t e s t  ser ies us ing 1 ft x 1 ft x 1/4 in .  
(30 cm x 30 cn: x 6.3 mn) carbon composite f l a t  p la tes.  
samples were f i r s t  suldected t o  a propane burn which extended over the  e n t i r e  
sample area. The burn was t y p i c a l l y  20 minutes. Af ter  burning, explos ive 
squibs were emplaced and exploded. 

The a c t i v e  gages detected the concentrat ion h i s t o r i e s  o f  the carbon f i b e r  c loud 
dur ing the  passage o f  the  f i b e r  c loud. A f t e r  passage o f  the c loud some o f  the  
f i be rs  deposited on the  ground. Winds then r e - l o f t e d  some o f  the  grounded f i -  
bers t o  form a new f i b e r  c loud o f  much lower concentrat ion than the  i n i t i a l  
cloud. The a c t i v e  gages a l so  detected the  re-suspended carbon f i b e r s .  

For each t e s t  the 
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In general there was very l i t t l e  detected during the burning of test samples 
over the small burner. High fiber densities were'the result o f  large scale 
fires. Any blast impingement induced even higher fiber cloud densities. 

The format o f  the da ta  display is based upon describing the fiber cloud by 

o number concentration history, C,( ( t )  
o mass concentration history, C,(t) 
o mass f l u x  history, M(t)* 

A 
The LED and ball detectors record number o f  fibers passing within their respec- 
tive sampling volume per u n i t  time, N ( t )  
sures Cm for a uniform fiber cloud and measures M/A for clumps of fibers. 
These formulas are v a l i d  for a fiber cloud where a l l  fibers are of the same 
length, 1. 

whil? .the microwave detector mea- 

I t  i s  necessary for the LED and ball detector systems t o  convert flj(t) for 
fibers o f  average length, Ti t o  the three required histories. T h i s  is achieved 
by use o f  the following relationships: 

M(t) = C, ( t ) .U  
K 

where 
A - cross-sectional area of the sampling volume 

normal t o  the wind direction 

U - wind velocity 

m - mass of a single fiber of length, 1,  equals 

0.54 (cm a ) x 1 (cm). 

When the fiber cloud is  composed of different lengths, i t  i s  necessary t o  ob- 
ta in  data  for the s i x  distribution 

hhich can be obtained from the pulse heights o f  the active instruments or from 
passive collectors . 
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When a detector  such as the  ba l l  gage i s  on l y  s e n s i t i v e  t o  f i b e r s  g rea ter  than 
3-4 mn i n  length, and the  f i b e r  c loud conta ins most ly  f i b e r s  less than 2-3 mn 
i n  length,  spec ia l  considerat ions must be g iven t o  t h e  o r i g i n a l  concept o f  
%oncentrat ion". When there a reeve ry  few f i b e r s ,  e x i s t i n g  i n  a sho r t  i n t e r v a l  
o f  time, the  measured values o f  N a r e  no t  based on s t a t i s t i c a l l y  meaningful 
cumbers. More important, i t  i s  d i f f i c u l t  t o  spec i fy  the  t ime i n t e r v a l  between 
counts which i s  re levan t  t o  a concept o f  c loud concentrat ion.  
deal ing w i t h  a few c l o s e l y  associated f i b e r s  moving together  i n  a l a r g e  roan, 
where t h e  c lose- in  concentrat ion i s  h igh  and room-wise the  concentrat ion i s  low. 

I t  i s  l i k e  

TEST NO. 4 

The f i r s t  t e s t  a t  NWC took place on the  morning of January 24, 1978. 
t e s t ,  the  propane was burned f o r  20 minutes before emplacing explosives and ex- 
ploding. 

Thermocouple Data 

The burner was a 1 x 1 ft (30 x 30 cm) ventur i -suc t ion  and propane/air burner 
developed and c a l i b r a t e d  a t  TRW. Three chromel-alumel thermocouples were i m -  
bedded 1/8 in. (3.2 mn) deep i n t o  the  carbon f i b e r  composite p l a t e  a t  t h ree  
locat ions,  as shown i n  F igure 5.1. An add i t i ona l  thermocouple o f  tungsten- 
rhenium was pos i t ioned 1/2 i n .  (1.3 cm) below t h e  composite p l a t e  center  t o  
measure the  center f lame ,temperature. The measurements a r e  presented i n  
F igure 5.1 and show a maximum flame temperature (uncorrected f o r  r a d i a t i o n  loss) 
o f  about 1950°F (1065°C) and a p l a t e  temperature o f  about 66OOF (349°C). 

For t h i s  

These temperature h i s t z r i e s  a re  re levan t  t o  s e t t i n g  the  c r i t e r i a  f o r  t h e  thermal 
gravimecr ic ana lys is  (TGA) t e s t s  t o  be performed i n  l abo ra to ry  ovens. 
apparent t h a t  the 500-600°F ( 26OoC-316"C) ts ' -eratures i n  the  mid-plane o f  the  
p l a t e  a r e  establ ished w i t h i n  one minute. 

It i s  

Gage Layout 

The detector  pos i t i on ing  i s  shown i n  F igure 5.2. As mentioned before a l l  were 
mounted on 5 f t (1.5 m) wooden stands. These stands had prov is ions f o r  cover ing 
the  detectors  against  t he  weather except when a t e s t  was i n  progress. As shown 
a l l  o f  the detectors  were c lus te red  downwind w i t h i n  50 f t  (15.2 m) of ground 
zero w i t h  the  microwave gages c loses t ,  ball gages somewhat f u r t h e r  ou t  i n t e r -  
spersed w i t h  LED detectors  out  t o  50 f t  (15.2 m). The top  o f  t h e  f i g u r e  i s  t h e  
no r th  d i r e c t i o n  wi th the des i red wind d i r e c t i o n  from the  south. 

A f t e r  the  burn, t he  burner was removed and replaced w i t h  a s i n g l e  charge ex- 
p los i ve  pos i t ioned 1 f t  (30 cm) below the  now p a r t i a l l y  delaminated sample. 
Detonat ion occurred a t  12:47 pm PST. Ground zero was a t  t he  center  o f  the  
50 x 50 f t  (12.7 x 12.7 m) concrete pad. 

The explos ive squibs were ac t i va ted  f o r  t h i s  t e s t  w i t h  no warning t o  the  
magnetic tape recorder operator so t h a t  a l l  the o p t i c a l  tape recordings s t a r t e d  
a couple o f  seconds a f t e r  the  explosion. Counting backwards from the  twelve 
minute mark i t  was determined where zero t ime would be w i t h i n  an unce r ta in t y  
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of about one second. 

LED Gages 

The proximity of most of the LED gages t o  the explosion and their mount ing  on 
the wooden platforms caused a l l  of the gages t o  go i n t o  violent osci l la t ions 
and the gage systems saturated immediately a f te r  the explosion. 
tions decayed w i t h  time. When the gage systems came out  of saturatioi:, the 
fiber cloud had passed. Hence no useful d a t a  was obtained on the LED ga?es. 
Subsequent tes t s  were performed a t  significantly greater gage distances and 
a l l  stands were weighted dawn more securely. 

T h e  oscil  l a -  

Ball Gages 

For this t e s t  the 6 ball gages bui l t  a t  
20 t o  40 f t  (6.1 t o  12.2 m )  from ground 

The b a l l  gage measures number ra te  of f 
The conversion of number r a t e  to number 

TRW were situated a t  distances from 
zero. 

ber impacts as a function of history. 
concentration is  through a calibration 

constant t h a t  i s  dependent upon the l e n g t h  of t h e  carbon f iber  and very weakly 
dependent upon wind velocity. 

The mass concentration i s  obtained by multiplying the number concentration by 
mass per single f iber .  This  can be further related t o  the product of the 
mass per u n i t  length (0.54 ugm/cm) and the length o f  a single f iber .  

The mass flux is the p r o d x t  of mass concentration and wind velocity normal t o  
the rneasuranent area. This i s  a measure of mass transport t h a t  can be compared 
t o  the microwave and LED gages. Figure 5.3 displays the results for  the b a l l  
gage, presented i n  terms o f  mass f l u x .  As shown i n  the figure, events were 
recorded on only three o f  the gages, indicating a narrow plume pass ing  ( i n  
agreement w i t h  meteorology measurements) somewhat t o  the east of the center- 
l ine.  Using the time o f  receipt o f  f i r s t  d a t a  a plume velocity a t  the five- 
f o o t  (1 .5  ni) level of 5.9 fps (1.8 mps) is indicated roughly i n  agreement xith 
the recorded wind velocity. 

The f iber  length distributions as determined from pulse heights a t  the three 
locations a re  shown i n  Figure 5.4. The indicated par t ic le  d i s t r i b u t i o n  for  
early time 0-10 sec d a t a  for a l l  three gages for which events were recorded 
appears t o  have a hole i n  i t  i n  the 8-11 mm length region, much as observed 
a t  previous CTS t e s t s .  The dashel l ines indicate the threshold below which 
lengths are  not observable. A t  the further locations the spectrum suggests 
t h a t  most of the fibers may l i e  below the 4 mi threshold. 

Observation of sticky paper i n  the v i c i n i t y  of t h e  gages indicates a preponder- 
ance of clumps over long singles, clumps w h i c h  appear t o  be rather t ight ly  
bound - leading t o  the conjecture t h a t  the particle distribution above 10 mm 
i s  primarily due t o  clumps a c t i n g  as single counts. 
generally separated by the induced f ie lds  from the b a l l  and appear as many 
closely spaced individual pulses on the gage o u t p u t .  These were no t  observed. 
Some d a t a  shown i n  Figure 5 .5  was returned by the ball gages d u r i y  the 

Loosely bound clumps are  
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20 minute burn period. 
averaged over a '0 sec interval and mass flux d a t a  using the conveb;i.n jus t  
discussed. 
as 220 sec in' the burn. 

The d a t a  i s  presented both as concentratiop d a t a  

I t  can be seen that fiber release from the plate has begun as early 

Microwave Gages 

The m 
5 .3  rn 
gages 
7 S€C 
after 
gi v;ln 

crowave gages were placed in pairs a t  10 f t ,  17.5 st and 25 f t  ( 3  rrr, 
and 7.6 m )  downwind from ground zero. As shown in Figure 5.6 each of the 
intercepted some of the material in the time interval from 1 sec t h r o u g h  
af ter  the blast. The charts show mass flux in usm/cm2 sec versus time 
the explosion. 
i n  the table. 

amounting t o  1220 ugm/cm2. 

The total  mass and deposition recorded by each gage i s  
Note t h a t  the greatest deposition is  recorded by Gage No.6, 

TEST NO. 5 

The second t e s t  a t  NWC took place February 1 ,  1978. 
1 / 4  i n .  (30 cm x 30 cm x 6.3 mn) f l a t  r la te  was burned in a prop.!ne/a r f i r e  
for 20 minutes a t  the center o f  the corcrete pad starting a t  8:41 am PST and 
then the plate subjected t o  an explosion a t  9:57 am PST. 
burner was adjusted i n  height a n d  pressure for a much hit ter burn. 

As befor? 2 7 f t  x 1 f t  x 

For th i s  t e s t  the 

Thermocoupl e Data 

?he thermocouple measurements .are displayed in Figure 5.7. As observed during 
the f i r s t  6 minutes, the material was engulfed in flame as the binder was 
burning. 
during layer separation, 
this continued until the end of the turn. After 8 minutes most o f  the layers 
of  cornpasite had separated. 
reached a much hotter temperature t h a n  i n  the f i r s t  t e s t .  
over 9@O°F (482°C) over a prolonged periad while t h e  center reached allnost t o  
1100°F (593°C). Flame temperature d a t a  was not  recorded. 

This flame subsided and flared a t  times as new resin was exposed 
Material sta-ted flaking o f f  a f te r  E; minutes, and 

As shown i n  the figure the bulk o f  the plate 
The edges rcached 

Gage Layout 

r this  t e s t ,  i n  keepino with +he indicat'ons from the previous t e s t  o f  signi- 
l . c a n t  transport t o  even Deyond the 200 f t  (61 m )  range, a l l  of the gage 
systems, as shown i n  Figure 5.8, were dispersed t o  farther ranges. 
additional ball gage systems were added which were connected t o  a mu1 ti-channel 
analyzer capable of measuring simultaneously the pulse count from each of the 
three gages. This system however was unable t o  record a t  the same time the 
pulse height d a t a  for these gages. A s  before, .+e  most sensitive system, the 
LED system was placzd down range the furthest w i t h  the ball gages somewhat 
closer and  the microwave gages the closest in. A s  can be seen in t h e  figure 
the  ranges were overlapped t o  provide a comparison between gaging systems. 

Thrqe 

LED Gages 

The  d a t a  o b t a i n e d  from the LED systems for times af ter  the explosion i s  
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presented i n  Figure 5.9. The f r o n t  o f  the  f i b e r  c loud a r r i v e d  a t  t h e  75.  100, 
200 and 300 ft(22.9, 30.5, 61 and 91 m)ranges w i t h  a t ime delay associated w i t h  
the mean wind ve loc i t y .  
aper iod ic  w i t h  small dura t ion  spikes and l o q e r  dura t ion  n u l l s .  
form i s  t y p i c a l  o f  a meandering plume and/or a discont inuous cloud. 
cond i t ion  o f  an i r r e g u l a r  c loud envelope also expla ins the d i f f e r e n t  c loud 
a r r i v a l  times f o r  a c t i v e  instruments a t  s i m i l a r  rang s.  The mean mass f l u x  
amplitude a t  75 ft (22.9 m) i s  about 5 ugms cs-2sec-t, wh i le  a t  f ou r  times 
the ange the mass t i u x  i s  at tenuated by a f a c t o r  o f  s ix teen t o  0.3ugm cm-2 
sec-F. This corresponds t o  the " inverse-dis tance-squared" concenwat ion 
a t tenuat ion  predic ted by the Pasqu i l l -G i f f o rd  plume formula. 

The waveforms o i  the  mass f l u x  h i s t o r y  a re  each 
This  wave- 

This 

The 
200 
i nd 

a r r i v a l  times o f  the wavefronts y i e l d  about a 5.5 fps (1.7 mps) wind. 
ft (61 m) range, the 22 sec dura t ion  f i b e r  c loud from the exploded p l a t e  

i ca tes  121 ft (36.9 m)length f o r  the  c loud ex ten t  a t  t he  ground leve l .  
The LED systems showed h igher  amplitude mass f luxes  f o r  shor te r  durat ions on 
the  east s ide  o f  the  t e s t  pad a t  the 75 and 100 ft (22.9 and 30.5 m) ranges, 
as compared t o  the west s ide  o f  the  t e s t  pad. 

A t  

B a l l  Gages 

The b a l l  gage resu l t s ,  presented i n  F igure 5.10, are a Qood deal more sparse 
than the LED resu l t s .  According t o  the passive sensors which c o l l e c t e d  f i be rs  
deposited i n  the gage v i c i n i t i e s ,  the  average length  was s i g n i f i c a n t l y  l e s s  
than the 4 mm threshold o f  the b a l l  gage, which would exp la in  the  d i f fe rence.  
Ac tua l l y  on ly  the events- f rom the  two wester ly  gages can probably be considered 
3s roe ing plume passage. Those gages east o f  the plume appear t o  have f i r s t  
events some t ime a f t e r  i n i t i a l  plume passage i n d i c a t i n g  cross-wind t ranspor t  
a t  a considerably reduced ve loc i t y .  

Microwave Gages 

The microwave gage r e s u l t s  f o r  t h i s  t e s t  are presented i n  F igure 5.11. 
the data i s  q u i t e  sparse. The shor t  dura t ion  o f  the f i b e r  c loud and the l a r g e  
empty space between f i b e r  c lus te rs  a t  c lose - in  ranges permi -42 approximately 
3 i n .  (7.6 cm) diameter by 5 i n .  (12.7 cm) long gap o f  the 'owave measure- 
ment volume t o  sample on ly  a few f i b e r  clumps i n  s p i t e  o f  t h e  i , igh mass f l u x ,  
Gage 1, located a t  50 ft (;5 m) measures 6.5 times the f i b e r  mass measured by 
Gage 5, located a t  150 f t  (45.7 m). This r e l c t i o n  appears t o  almost f o l l o w  
the mass depos i t ion  dependence on the inverse o f  the square of the d is tance 
from the source. 

Again 

Ac t ive  Gage Summary 

The data from the three gage systems have been combined and are  sumar ized i n  
Figure 5.12 which consis ts  o f  three i n t e r r e l a t e d  subcharts. 
char t  i n  the upper l e f t  hand corner shows the time a t  which a f i b e r  a r r i v e s  a t  
a given gage type pnd gage number (LED gages 1-7, TRW b a l l  gages 1 and 2, CRL 
b a l l  gages 1A and 2A, and microwave gages 1-5) a t  the respect ive s ta t i ons .  The 
time o f  the a r r i v a l  o f  the f i r s t  f i b e r  a t  each range shJws a propagat ion o r  
wind v e l o c i t y  o f  6.9 fps (2.1 mps). 

The composite 

The LED y ie lded  the most data.  
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This char t  does no t  i n d i c a t e  the concentrat ion antplitudes. 

The d i sp lay  o f  concentrat ion awpl i tudes t rans la tes  the previous cha r t  i n t o  the 
char t  i n  the upper r i g h t  hand corner. Note t h a t  t h e  dura t ion  o f  t h e  c loud 
decreases w i t h  increas ing range, which could be a t t r i b u t e d  t c  e i t h e r  c loud 
r i s e  above the  ground l e v e l  measurement systems o r  t o  severe depos i t ion  t h a t  
depletes the f i b e r s  i n  the cloud. A lso the  heavy concentrat ion o f  f i b e r s  d i s -  
appears a t  increased range which i s  t o  be expected because o f  a rea l  d ispers ion  
and deposi t ion.  

The in tegra ted  mass f l u x  from each type of  gage (M = Microwave, L = LED and 
B = B a l l )  and from each s t a t i o n  i s  displayed i n  a composite s m a r y  cha r t  i n  
a three-dimensional p l o t .  
p r i n c i p l e ,  they were a l l  smoothly consis tent  i n  t h e i r  measurements. 

Even though each gage type used a d i f f e r e n t  physics 

TEST NO. 6 

The t h i r d  p l a t e  t e s t  was with the same 1 ft x 1 ft x 1/4 in .  (30 cm x 30 cm x 
6.3 mn) composite p la te .  A h igh  temperature propane/air  burn f o r  20 minutes 
as i n  thc previous t e s t  was performed. 
February 15, 1978 a t  3:41 pm PST. The explosion was postponed u n t i l  February 
16, 1978 a t  7:59 am PST. 

Date and time o f  the burn were 

Thermocouple Data 

The p l a t e  was instrumented f o r  temperature measurehent somewhat d i f f e r e n t l y  
t o  determine a tempera ture-pro f i le  through the p la te .  The th ree  p l a t e  
temperature thermocouples were o f  chrome1 -a1 unel cons t ruc t ion  imbedded a t  
1/16 in .  (0.16 an) below the  upper surface, 1 /8 i n .  (0.32 cm) below the  upper 
surface and 3/16 i n .  (0.48 cm) below the  upper surface. This  i s  shown i n  
Figure 5.13. 

Flame temperature was measured w i t h  a tungsten-rhenium thermocouple located 
1/2 i n .  (1.27 an) below the  composite p l a t e  center. As shown i n  the  f i g u r e  
the flame temperature had reached 23?U°F (1265OC) a t  the  t ime (2.5 minutes) 
t h a t  the thermocouple broke. The lower sec t ion  o f  the  p l a t e  reached a 
temperature o f  1100°F (533OC), wh i le  the upper sec t ion  on ly  reached 7OOOF 
(371 "C) . 
Gage Layout 

The gages we;-e pos i t ioned for the tes t ,  as shown i n  Figure 5.14, much as before 
except one b a l l  gage a t  the 75 f t  (23 m) range had been removed f o r  t e s t s  a t  
Rome A i r  Develooment Center. An attempt was made a t  the b a l l  gage loca t i ons  
using vu-graph frames covered w i t h  b r i d a l  v e i l  and sprayed w i t h  g lue  t o  d i r e c t -  
ly r e l a t e  passive deposi t ion t o  the b a l l  gage data. 

LED Gages 

The r e s u l t s  from the LED gage systems f o r  t h i s  t e s t  are presented i n  F igure 
5.15. O f  the twenty systems i n  operat ion on ly  the three most wester ly  
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returned a s i g n i f i c a n t  amount of data, i n d i c a t i n g  t h a t  the f i b e r  c loud moved 
i n  a no r th  wester ly d i r e c t i o n  away from the LED systems. 

From the t ime o f  a r r i v a l  o f  the  showers on the three gages, a 3.4 fps 
(1.5 mps) plume v e l o c i t y  a t  the  5 f t (1.5 rn) he igh t  was computed, i n  goJd 
agreement w i t h  the meteorological data o f  3.2 fps (1.4 mps). 

8211 Gages 

The b a l l  gage da ta  i s  preserlted i n  Figure 5.16 along w i t h  some o f  t he  r e s u l t s  
from co-posi t ioned " b r i d a l  v e i l  vu-graphs". As shown on ly  the most wester ly  
s t a t i o n  returned any f l u x  data. 
ind ica ted  t h a t  the  ground p a r t  o f  the  plume and f a l l o u t  passed d i s t i n c t l y  
west of the center l 'ne.  The grea ter  p a r t  of the f a l l o u t  was noted on ly  on 
t i le  bor i zon ta l l y -o r i en ted  p la tes  a t  (75, -2O), (150, -2O), and (200, -45). 
The v e r t i c a l  l y -o r i en ted  p la tes ,  - even a t  these loca t ions ,  c o l l e c t e d  roughly 
one-tenth as much as the hor izon ta l  p la tes !  
the hor izon ta l  c o l l e c t ' o n  was respec t i ve l y  66 clumps/mz, 570 s i n g l e  f iber l rnz 

f i be rs ,  the e f f e c t i v e  f a l l  v e l o c i t y  should be somewhere between s t i l l  a i r  a t  
1 crn/sec and the recorded wind v e l o c i t  a t  2.9 fps  (0.9 mps), say 0.5 fps  

Since one count i s  equivalent t o  2 x 103 f i b e r - s e c / d ,  there  should have been 
between zero and t w o  counts on each b a l l  gage de tec tor  before the  p l ~ i e  passed 
(assuming the deposi ts t o  be added t o  the  b r i d a l  v e i l  dur ing  plume passage). 
The l a r g e  discrepancy between v e r t i c a l l y  and h o r i z o n t a l l y  o r i en ted  vu-graph 
data i s  ascr ibed t o  a lack  Df s t i ck iness  on the glue preparat ion used f o r  t h i s  
tes t .  A g lue of more permanent s t i ck iness  was subsequently u t i l i z e d  f o r  Tes t  
No. 8 vu-graphs. 

Further study o f  the  o p t i c a l  recording i nd i ca ted  a number o f  pulses a t  very 
l a t e  times on the  gages (18-25 minutes a f t e r  explode), probably due t o  
personnel i r ;  the area (see Figure 5.18). 
deposited p a r t i c l e s  on the b r i d a l  vei 's  were due t o  l a t e  t ime a c t i v i t i e s  and 
no t  i n d i c a t i v e  of plume passage and primary f a l l o u t .  The b r i d a l  v e i l  a t  
several gage loca t ions  had a l a rge  enough count t o  g i ve  a l eng th  spectrum. 
These are  shown i n  the f i gu re .  

Assuming a f i b e r  weight o f  5.4 x 10-7 gm/cm, the p a r t i c l e  count i nc lud ing  
l eng th  measurement on each b r i d a l  v e i l  were t rans la ted  t o  mass deposi t ion.  
This i s  shown f o r  both h o r i z o n t a l l y  and v e r t i c a l l y  o r i en ted  p la tes  superim- 
posed on a l o c a t i o n  p l o t ,  Figure 5.17. 
preponderance o f  mater ia l  was deposited west o f  center,  probably centered 
beyond the maximum l o c a t i o n  o f  the  sensors. 

Data r e t r i e v e d  from the b r i d a l  v e i l  p l a t e s  

For the  above th ree  pos i t ions ,  

and 395 s ing le  f iber/m h . For the  l a t t e r  t w o  p la tes  which recorded the  s i n g l e  

(0.15 mps), g i v i n g  exposures of 4 x 10 3 and 3 x 103 fiber-sec/m3, respec t ive ly ,  

I t  can be expected t h a t  some o f  the  

It can be seen again t h a t  by f a r  t he  

The tape records were analyzed ou, t o  very l a t e  times f o r  t h i s  experiment and 
many events noted. Plume passage, a l so  shown on a previous p l o t ,  occurs a t  
about 30 sec on on ly  one de tec tor  a t  75 f t  (22.9 m). The p l o t s  showing 
Figure 5.18 i l l u s t r a t e  the a b i l i t y  o f  f i b e r s ,  once deposited, t o  e a s i l y  r e -  
e n t r a i n  and cause s i g n i f i c a n t l y  l a r g e r  exposures near the ground than would 
be expected from d i r e c t  depos i t ion  from the plume. The s m a l l  amount o f  event 
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data precludes strong conclusions from beiqg drawn on the l eng th  d i s t r i b u t i o n  
data; howre. er ,  i t  appears t h a t  re-entrainment favors shor te r  lengths.  

Microwave Gages 

No microwave data were obtained f o r  th is  tes t .  

NWC BARREL TESTING 

Three tes ts  were pe-.ormed i n  the  w - i e s  using samples of c u t  up carbon compos- 
i t e  bar re ls .  
explosion. 
pool burn under the ba r re l  sect ions.  
systems were deployed o ther  than the thermocouples. 
another pool burn and an explode phase a f t e r  burning. 
sys tems were deployed . 

The t i r s t  o f  these t e s t s  used a hot propane burn fo l lowed by an 
The secoi. ' i n  the ser ies  used a 20 x 20 f z  (6.1 x 6.1 m), JF-5 

For t h i s  t e s t  none o f  the  a c t i v e  gage 
The t h i r d  t e s t  invo lved 

Again no a c t i v e  gage 

For the f i r s t  t e s t  i n  t h i s  ser ies,  where the  aL t i ve  gages were deployed, t h e  
t ranspor t  and f i b e r  d i s t r i b u t i o n  r e s u l t s  were markedly d i f f e r e n t  from those 
obtained before wi th the f l a t  p la tes.  

TEST NO. 8 

Test No. 8 u t i l i z e d  a much l a r g e r  quan t i t y  o f  i n i t i a l  ma te r ia l  than i n  previous 
tes ts  (9.2 kg versus 0.9 kg). I n  order  t o  f u l l y  subject  the b a r r e l  t o  a ' lot 
20 minute propane burn, the  b a r r e l  was cu t  up i n t o  12 sect ions,  two o f  which 
couid be burned a t  a time. The burns took place on March 6 and 7, 1978. A t  
the completion o f  each burn the res idua ls  were c a r e f u l l y  co l l ec ted  and weighed. 
It was noted dur ing the burns t h a t  a s i g n i f i c a n t  amount o f  ma te r ia l  was r e -  
leased t o  the atmosphere i n s p i t e  of  screens imposed t o  prevent i t  from doing 
so. The major losses however appeared t o  De complete burning away o f  the  
epoxy and apparent ly burning o f  the  f i be r  i t s e l f .  The res idua ls  from the  
s i x  burns were co l l ec ted  and placed 1 ft (30 an) above a shaped charge a t  
ground zerc on the concrete pad. 
on March 8, 1978. . 

The explosion was i n i t i a t e d  a t  7:57 am PST 

Thermocouple Data 

No thermocouples were emplace/! f o r  these burns. 

Gage Layout 

The placement o f  gage 5ystems was much as i t  had been becore, as shown i n  
Figure 5.19, except the microwave systems a t  150 f t  (46  IP) were moved t o  
100 f t  (30 m) range and the h i l l  systems a t  150 ft (46 m) range were r e -  
pos i t ioned somewhat. One of the mic?owave systems was inopera t ive  due t o  an 
o s c i l l a t o r  f a i? l r re .  For t h i s  t e s t ,  vu-graph b r i d a l  v e i l  smsors  were again 
pos i t ioned i,: prp* . ' - i t y  t o  each b a l l  gage, v e r t i c a l l y  and h o r i z o n t a l l y  
or i?nted,  using ,cmanently s t i c k y  c lue on the b r i d a l  v e i l .  
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A LADAR system was se t  up f o r  t h i s  t e s t  which sampled on a hor izon ta l  l i n e  
about 5 f t (1.5 m) o f f  the ground a t  about the 205 ft (62 m) range from the  
west edge o f  the pad t o  the  center  o f  t he  pad. 
d i rec ted  the beam v e r t i c a l l y ,  a l low ing  sampling t o  occur for  v e r t i c a l  ranges 
a t  t h i s  po in t .  

A t  t h i s  p o i n t  a m i r r o r  

LED Gages 

The LED systems r e s u l t s  f o r  t h i s  t e s t  are presented i n  F igure 5.20 i n  terms 
o f  mass f l ux .  
generated by the f l a t  p l a t e  explosions of  Test No. 5 re;eated i t s e l f  i n  the 
bar re l  explosion o f  Test No. 8. The burn and explode of the bar re l  i n  Test 
No. 8 resu l ted  i n  a lower c o n c a t r a t i o n  and shor te r  du ra t i on  f i b e r  c loud a t  
ground leve l  as compared t o  the f l a t  p l a t e  Test No. 5. 

. 
The aper iod ic  c h a r a c t e r i s t i c  o f  the  mass f l ux  h i s t o r y  waveforms 

B a l l  Gages 

The b a l l  gage r e s u l t s  are presented i n  F;gure 5.21 i n  terms o f  mass f l u x  o f  
s ing les.  
t rans la ted  t o  mass f l u x  using a wir,d v e l o c i t y  of  5.7 fps (1.7 mps), a mass per  
u n i t  leng th  o f  0.54 ug/cm, and the l eng th  of  each f i b e r  counted, as determined 
by i t s  pulse height .  
suspect becaus2 o f  no ise i n j e c t i o n  and i s  consequently no t  presented. Gage 
T-6 a t  ZOON, 45W, i n  operat ion,  d i d  no t  record any pulses. 
de tec t ion  o f  a pu lse i s  about 3 x 10-2 rg/cm2 sec. As before, t he  f l u x  values 
were s i g n i f i c a n t l y  lower f o r  the  b a l l  gages than f o r - t h e  LEDs, i n d i c a t i n g  a 
pre2onderance o f  f i b e r s  w i th - l eng ths  below the b a l l  gage threshold.  
confirmed by the vu-graph data ana?ysis fo l low ing .  

Concentration data o f  s ing le  f i b e r s  taken by the  b a l l  gages was 

Data taken 1.sir.g the mult ichannel  analyzer was considered 

Threshold f o r  

This i s  

Ind icated average v e l o c i t y  f o r  pulse passage a t  each s + - t i o n  i s  about 7 . 3  f ps  
(2.2 mps) a t  75 ft (22.5 m)  and 6.7 fps (2  mps) a t  206 I C  (61 in). 
v e l o c i t y  i s  s i g n i f i c a n t l y  g rea ter  than t k a  wind v e l o c i t y  o f  5.7 fps  (1.7 mqs), 
i n d i c a t i n g  t ranspor t  by some add i t i ona l  ntechanism, most probably by the fo rce  
o f  the explosion. 

This 

A pulse was received an one detector  s i g n i f i c a n t l y  before pulse passage, i n d i -  
ca t i ng  the p o s s i b i l i t y  t h a t  some f ibers  depositod dur ing  burn had been r e -  
entrained and transported. 

B r ida l  v e i l  vu-graph r e s u l t s  i nd i ca te  t h a t  by f a r  the  greatest  mass - tr-nspor t .  
i s  by the la rge  clumps which are not  included i n  t h i s  presentat ion and f o r  
which no pulse t ra ins  were noted by the b a l l  gege records. 

The b a l l  gage presents an oppor tun i ty  t o  monitor the near ground l e v e l  down- 
range t ranspor t  (gages TRW-3 and TRW-5) and the crossrange t ranspor t  (geges 
TRW-5 and TRW-4) o f  f i be rs .  This i s  presented i n  Figure 5.22, where i t  i s  
shown crudely t h a t  the downrange t ranspor t ,  dominated by the mean wind speed, 
moved the  3-7 rrm long f i b e r s  f a s t e r  than the longer 7-15 m long f ibers .  The 
crossrange t ranspor t ,  dominated by the tu rb3 len t  p o r t i o n  o f  the  wind speed, 
moved the 3-7 mm long f i b e r s  slower than the longer 7-15 mm long f i be rs .  The 
p re fe req t i a l  se lec t i on  o f  f i b e r f e n g t h s  Sy laminar and tu rbu len t  t ranspor t  i s  
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an important concept t o  'be considered f o r  modeling. 

* .  
To provide a f i e l d  c a l i b r a t i o n  o f  t h e  b a l l  gage systems, vu-graph sh ie lds  
covered w i t h  b r i d a l  v e i l  were pos i t ioned v e r t i c a l l y  ( V )  and h o r i z o n t a l l y  
as shown i n  Figure 5.23 a t  each b a l l  gage loca t ion .  
somewhat capable o f  mcrdi f y i n g  the l o c a l  concentrat ion dur ing  the  a t t r a c t i o q  
and dur ing the  repu ls ion  phase, i t  i s  poss ib le  t h a t  t h e  h o r i i i n t a l l y  placed 
vu-graph data could be af fected.  To cheek t h i s  p o s s i b i l i t y  a t  several 
locat ions,  "boxes" of  vu-graphs were constructed and mounted as shown we1 1 
away from any p o t e n t i a l  i n t e r a c t i o n  ef fects w i t h  the  b a l l  gage f i e l d s .  Data 
obtained imm these vu-graphs, both hor izon ta l  and v e r t i c a l  agreed wi th  t h a t  
obtained from trie V and H pos i t ions .  
composition f o r  h o r i z o n t a l l y  and v e r t i c a l l y  c o l l e c t e d  samples i s  roughly  t h e  
sme,  as i t  should be. However, t h e  r a t i o  o f  counts i n  the 1 and 20 nm l e n g t h  
range f o r  v e r t  ; a 1  t o  hor izon ta l  o r i e n t a t i o n  var ied s i g n i f i c a n t l y  w i t h  
loca t ion .  I f  t i a n s p o r t  i s  e n t i r e l y  wind dr iven, than the  r a t i o  o f  v e r t i c a l  t o  
hor izon ta l  depos i t ion  should be the  same as the  r a t i o  o f  wind v e l o c i t y  normal 
t o  the  v e r t i c a l  vu-graph (5.6 fpsC1.7 mps]) i s  t o  the  f a l l  v e l o c i t y  (1 cm/sec). 
This r a t i o  i s  70, ve?y c lose  t o  the  highest r a t i o  observed a t  ZOON, 5E, and 
ZOON, 36E. 

Because the b a l l  s u y -  I S  

The data show t h a t  the  spac t ra l  

A l l  o f  the f o r  loca t ions  w i t h  East coordinates f a l l  w i t h i n  t h e  f o o t p r i n t  
obtained by ground l e v e l  passive data acqu is i t ion .  
w i t h  s i g n i f i c a n t l y  h igher  hor izon ta l  as w e l l  as v e r t i c a l  deposi t ion.  

These are a l s o  t h e  ones 

B a l l  gage data taken a t  750N, 30W (we l l  ou t  of the  passive f o o t p r i v t  area) 
shows t h a t  the  deposi t ion on the  vu-graphs must be l a t e  time, w e l l  a f t e r  any 
pulse passage, and because of  the low V/H r a t i o ,  borne by winds with a sub- 
s t a n t i a l  v e r t i c a l  component which must be using f i b e r s  a l ready deposited 
w i t h i n  the f o o t p r i n t  area as source. 

The absolute length  d i s t r i b u t i o n  obtained from v e r t i c a l l y  o r ien ted  vu-graphs 
i n  c lose  prox imi ty  t o  b a l l  gages i s  compared i n  Figure 5.24 t o  the absolute 
length  d i s t r i b u t i o n  obtained from b a l l  gages a t  the sane locat ions.  Only 
those l c c a t i o c s  w i t h  an adequate number o f  b a l l  gage e v e i t s  a re  compared. The 
b a l l  gage data has been transformed t o  deposi t ion by m u l t i p l y i n g  concentrat ion 
data a t  each length  increment by the wind v e l o c i t y  5.7 fps (1.7 mps). The 
r e s o l u t i o n  and noise l e v e l  o f  the b a l l  gage precludes observat ion o f  f i b e r  
lengths ucder about 3 mm f o r  t h i s  t e s t ,  I t  can be seen t h a t  most of t h e  
deposi t ion d a t a  l i e s  a t  lengths shor ter  than t h i s .  The vu-graph data i s  
subject  t o  the f i l t e r i n g  a c t i o n  o f  the  approximately G.9 m spacing o f  t h e  
mesh. ;he sparse b a l l  gage data does no t  disagree w i t h  the  b r i d a l  v e i l  
depos i t ion  except poss ib ly  a t  the TRW-5 p o s i t i o n  where, however, both p l o t s  
i n d i c d t e  a s h i f t  i n  mean length t o  a longer length.  

Table 5.1 presents the f i n a l  r e s u l t s  o f  the  f i e l d  c a l i b r a t i o n  check o f  b a l l  
gages taken dur ing t h i s  t e s t .  I n  prepar ing t h i s  t a b l e  the v e r t i c a l  o r i e n t a t i o n  
vu-graph b r i d a l  v e i l  data taken a t  each b a l l  gage s i t e  i s  transformed t o  
exposure using a wind v e l o c i t y  of 5.7 (1.7 mps) and compared t o  t k  exposure 
r e s u l t s  from each Sjge. 
fo l lowed by magnetic tape/opt ica l  recorder readout, the agreement was w e l l  

For a l l  gage u n i t s  which used pulse s t r e t c h i n g  
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w i t h i n  the  s t a t i s t i c s  o f  the  number o f  b a l l  gage events recorded. 
both gages operated i n t o  the mult ichannel  analyzer d i d  no t  agree with t h e  
depos i t ion  data w i t h i n  the s t a t i s t i c s  of  t h e  counting, almost c e r t a i n l y  due 
t o  the i n a b i l i t y  t o  be able t o  r e j e c t  noise pulses. 

I n  cnntrast ,  

From other  passive data i t  appears t h a t  TRW 3, 4, and AN-2 were almost on t h e  
c e n t e r l i n e  o f  the passive plume f o o t p r i n t ,  w i t h  TRW 5 wel l  w i t h i n  i t s  bound- 
a r ies .  This i s  confirmed by the  b r i d a l  v e i l  vu-graph and b a l l  gage data. 

Microwave Gages 

The f i b e r  c loud missed a l l  but one microwave s t a t i o n  i n  the  bar re l  burn/explode 
tes t .  
in tegrated mass f l u x  f o r  t h i s  bar re l  t e s t .  
F igure 5.25.. The narrowness o f  the f i b e r  f o o t p r i n t  ind ica ted  by no data on 
the remaining 4 gages i s  v e r i f i e d  by the sc icky  paper data a t  the  two 
l o c a t i o r s  and the L E D  and b a l l  gage r e s u l t s  a t  the 100 ft and 75 ft (30.5 and 
22.9 m) locat ions.  

A t  t h i s  5 0 - f t  (15.2 m) s t a t i o n ,  370 bgm/cm2 was recorded f o r  the t ime-  
The r e s u l t s  are presented i n  

LADAR Results 

As mentioned before, the LADAR system was i n  f u l l  operat ion f o r  Test No. 8, 
sampling along a hor izonta l  l i n e  and a v e r t i c a l  l i q e .  The data obtained 
i s  presented i n  Figure 5 26. Only r e l a t i v e  i n t e n s i t y  in format ion i s  given, 
since c a l i b r a t i o n s  o f  f i b e r  cloud dens i ty  and/or smoke contrminat ion c a p a b i l i t y  
had not  been completed. . . 

A t  28 sec a f t e r  detonat ion of the burned bar re l  debr is,  the  f i b e r  c l m d  appears 
t o  be composed of  three separate clouds. The lowest cloud i s  about 30 f t  
(9.1 m) up, the  middle l e v e l  cloud i s  about 60 f t  (18.2 m) up, and the h i  
c loud i s  80 f t  (24 rn) up; t h e  middle l e v e l  f i b e r  c loud i s  t h e  most den!. I .  

A t  84 sec, there  appear t o  be on ly  two clouds, one a t  a 1 0 - f t  ( 3  m j  and t h e  
other  a t  a 3 0 - f t  (9.1 m) a l t i t u d e .  This shows t h a t  the  2 1 - f t  (6 .4  VI) h igh  
tuna can poles ard .30-f t  (9.1 m) h igh  m i l l i p e r e  f i l t e r  poles are n o t  sampling 
the complete cloud. However, a 90-f t  !27 ni) high sampler system would be 
adequate a t  the 300-ft  (91 m )  range f o r  sampling the e n t i r e  explode-plume. 

? s t  

The hor izonta l  p o r t i o n  o f  the  cloud i s  displayed a t  185 sec a f t e r  detonat ion.  
The cloud appears t o  be separate ;suffs stacked both i n  the v e r t i c a l  and 
hor izon ta l  d i  , -ect i  ons . 
k c t i v e  Gage Summary 

The a c t i v e  gage data, no t  inc lud ing  the  LADAR, i s  summarized i n  Figure 5.27. 
The composite char t  i n  the upper l e f t  corner shows the  t ime a t  which f i b e r s  
a r r i v e d  a t  the d i f f e r e n t  a c t i v e  g jge systems a t  the respect ive ranges. ?he 
t ime o f  a r r i v a l  o f  f i b e r s  a t  gage; a t  each range which are i n  l i n e  w i t h  each 
other  show a wind v e l o c i t y  o f  6.25 fps (1.9 mps). Thc dura t lon  t ime o f  t h e  
main data a c q u i s i t i o n  a c t i v i t y  was apprcximately 10 sec. 

Mass f l u x  l e v e l s  a s  a func t ion  of t ime and distancr are summarized i n  the 
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upper r i g h t  hand corner. Note tha t  the cloud densi ty  out t o  200 ft (61 m) 
i s  almost constant, a f t e r  which i t  rap id l y  decreases. 

The integrated peak mass f l u x  is  displayed i n  the lower char t  o f  each gage 
system (LED, Ba l l  and Microwave) as a funct io? of range and cross range. 
Again, consistency of resu l t s  i s  shown between gage systems. There i s  a 
discrepancy a t  the 75 ft (22.9 m) b a l l  gage locat ion,  however, which can be 
accounted for. '  Since most o f  the f i be rs  a t  t ha t  loca t ion  were less than 4 mn 
long, the b a l l  gage d i d  not record them. Hence, a lower mass f l u x  r e s u l t  . 
sec a t  50 ft (15.2 m) t o  3 pgms/cm2/sec a t  300 ft (91 m). 

With regard t o  the  LADAR data, the LADAR system sees the cloud i n  agreement 
w i th  the other data, fo r  i t s  loca t ion  a t  205 ft (62.5 m) range; however, 
no data i s  returned a t  the 5- f t  (1.5 m) e levat ion along the hor izonta l  path, 
only a t  20 ft (6.1 m) above the ground. This can perhaps be explained by the 
pos i t ion  o f  the LADAR beam which was behind a 4-1/2 ft (1.4 m) b r i d a l  v e i l  
fence a t  the 200 ft (61 m) range. This might also have caused the wind t o  
sweep upward a t  t h i s  distance insur ing no data re tu rn  below about 10 ft (3  m) 
ve r t i ca l  height. 

Note tha t  the peak leve ls  drop o f f  as a funct ion o f  range from 350 pgms/cm 1 / 

TEST NO. 9 

For Test No. 9 a h a l f  barre l  was posi t ioned 6 ft (1.8 m) above a 20 x 20 ft 
(6.1 x 6.1 m) JP-5 pool f i r e  centered a t  ground zero on the concrete pad. The 
tes t ,  i n  two phases, took place over a period from 11 :26 am PST March 23, 1978 
t o  1:42 pn PST t h a t  day. I n  the f i r s t  burn f o r  3 minutes burn t ime the wind 
ve loc i ty  was high, causing the pool f i r e  t o  be t i l t e d  toward the downstream; 
consequently the ha l f -bar re l  missed the main f i r e  plume. The burn was r e -  
peated f o r  a 6-minute burn l a t e r  i n  the day. The bar re l  was reposi t ioned 5 ft 
(1.5 m! nor th  o f  the pool center and only 4.5 ft (1.4 m) above the f i r e .  

Thermocouple Data 

Chrome1 -a1 unel thermocouples were mounted as f o l  lows f o r  both tests: 

#1 Thermocouple: Located a t  the center o f  the h a l f  barre l .  
12 Thermocouple: Located on the upper side o f  the bar re l .  

Results of the measurements are presented i n  Figures 5.28 and 5.29. As ex- 
pected, the second burn produced a much ho t te r  temperature i n  the barre l  f o r  
a much longer period o f  t ime.  

Act ive Gage Sumnary 

For t h i s  t e s t  (as noted before) no ac t ive  gages were u t i l i z e d .  

5-42 



c 

w 
A 
3 Q 
I a w 
1: 

E ,  
s. '. 

a '. 
'\ 

. 
I 0 

0 Q c 8 

5-43 



(Y I 
0 z 

c 

0 z 

c h  
i 
P J 

LL 

t 

P 
w 

0 

L a 
8 .  

E 
W 

0, . 
0 z E + ,  VI 

F 
I 

c 
0 :  

0 

5 -44 



TEST NO. 10 

Test No. 10 consisted o f  a 5 minute pool burn o f  another h a l f  b a r r e l  and the  
residues from the  f i r s t  burn, fo l lowed by an explos ion of t h e  l o t .  For t h i s  
t e s t  no temperature data was taken and no a c t i v e  gages u t i l i z e d .  

AIRCRAFT SPOILER TESTING AT NWC 

Two t e s t s  were performed w i t h  a i r c r a f t  spo i l e rs  us ing a nominal 40 x 60 f t  
(12.2 x 18.3 m) JP-5 pool f i r e  w i t h  th ree  spo i l e rs  loca ted  7 f t  (2.1 m )  above 
the f i r e  bed t o  simulate t h e i r  probable l o c a t i o n  dur ing  an ac tua l  a i r r  -ft 
f i r e .  The f i r s t  was a 4 minute burn, t he  second a 7 minute slow burn the  
debr is  from the  f i r s t  burn p lus  an explos ion roughly  2 minutes i n t o  t n i  burn. 
A l l  ac t i ve  4a3e systems were i n  operat ion f o r  both tes ts .  
several new i nstruments were f i e l d e d  . I n  add i t i on ,  

TEST NO. 11 - SPQILER BURN 

For the  i n i t i a l  burn t e s t  o f  t he  th ree  spo i l e rs  thermocouples were i n s t a l l e d  
t o  measure flame temperature. 
were located 7 f t  (2.1 m) above the  f i r e  bed t o  s imulate t h e i r  probable 
l o c a t i o n  dur ing  an actual  a i r c r a f t  f i r e .  The f i r e  bed was a 40 x 60 f t  
(12.2 x 18.3 m) rectangular pool i n  which enough JP-5 f u e l  t o  burn f o u r  
minutes was f l o a t e d  on a water base. The burn was s t a r t e d  a t  10:45 am PDT 
on May 3, 1978 and compl.eted about 10:49 am. 

The th ree  spo i le rs ,  burned i n  t h e  JP-5 f i r e ,  

Thermocouple Data 

Thermocouples were i n s t a l  l e d  t o  measure flame temperature j u s t  below t h e  
sample (TC-l), i n  the  bottom s k i n  o f  t h e  s p o i l e r  (TC-5), i n  the  a i r  space 
between the  upper dnd lower s p o i l e r  surfaces (TC-3), i n  the  upper sur face 
s k i n  (TC-2) and above the  spo i l e rs  (TC-4). 
dur ing the t e s t .  

Temperature re tu rns  are shown i n  Figure 5.30. For t h i s  l a rge  a pool t he  JP-5 
f u e l  was i g n i t e d  by adding a small amount o f  gasol ine t o  i t s  t op  which spread 
the  f i r e  fas te r .  Even so i t  can be seen t h a t  temperatur2s s t a r t  t o  r i s e  i n  
the  v i c i n i t y  o f  the spo i l e rs  on l y  a f t e r  a h a l f  a minute i f i t o  the  burn. The 
maximum teniperature of about 2180°F (1193°C) i s  reached on ly  by the lower 
s ide  o f  the  s p o i l e r  and i s  above 2000°F (1093°C) f o r  a l i t t l e  l e s s  than two 
minutes . 

TC-2 and TC-4 malfunctioned 
However, some data was obtained from TC-4. 

Gage Layout 

The ac t i ve  gage layout  f o r  Test No. 11 i s  shown i n  F igure 5.31. Spo i l e r  
samples were located on a s tee l  framework somewhat no r th  o f  the  pool cen ter  t o  
account f o r  t he  wind d i r e z r i o n .  
20 f t  (6.1 m) west o f  the o r i g i n a l  ground zero on the  concrete pad. The 
gages were s h i f t e d  so t h a t  there would be equal coverage on e i t h e r  s ide  o f  t he  
new north-south cen te r l i ne .  
microwave gages were s h i f t e d  from the 100 f t  (30.5 m) t o  the  7 5 f t  (22.9 m) 

This l o c a t i o n  was 114 f t  (34.7 rrl south and 

To b e t t e r  measure the  expected f i b e r  f a l l o u t  the 
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p o s i t i o n  (range 189 ft [57.6]), the  LED gages a t  75 ft (22.9 m) were s h i f t e d  
t o  the 1 5 0 ' f t  (45.7) p o s i t i o n  (range 264 f t  [8O.Sm'J) and b a l l  ages were 
moved f r o m  the  75 ft (22.9 m) t o  the 100 ft (30.5 m) p o s i t i o n  7214 ft range 
C65.2 m]). 

As described i n  Sect ion 4, a l a rge  "Jacob's ladder"  f i l l e d  p a r t i a l l y  w i t h  vu- 
graph b r i d a l  v e i l  sensors was pos i t ioned f o r  these t e s t s  j u s t  south o f  t he  
200 ft (61 m)(range 314 ft C95.7 m]) l i n e .  
v e l o c i t i e s  and p a r t i c l e  f l u x  no r th  o f  t h i s  l o c a t i o n  were somewhat compromised 
by t h i s  sensor so t h a t  a c t i v e  data f lux /concent ra t ion  obtained a t  314 ft 
(95.7 m) range might  be expected t o  be low by perhaps 20%. 

It can be expected t h a t  the  wind 

The layout  f o r  Test No. 12 was the same as f o r  Test No. 11. 

LED Gages 

The LED sensor layout  fo r  t h i s  t e s t  i s  presented i n  Figure 5.32, which g ives 
a sumnary o f  the data d i sp lay  presented i n  the fo l l ow ing  f igures .  I n  terms 
o f  counts most o f  the  re lease appears t o  occur a t  about 100 seconds i n t o  the 
burn - regardless o f  pos i t ion .  From temperature data, t he  s p o i l e r  ma te r ia l  
does no t  reach h igh temperatures u n t i l  about one minute i n t o  the  burn. Lo f t ing  
v e l o c i t i e s  i n  t h i s  f i r e  are very h igh  (up t o  38 fps [11.6 mps]) as i nd i ca ted  
by the flame velocimeter (data fo l l ow ing ) ;  hence ma te r ia l  can be dispersed 
i n t o  the plume over the e n t i r e  a c t i v e  sensor f i e l d  i n  a few seconds, from 
where i t  can r a i n  out  upon a l a r g e  area. 

Figure 5.33 presents the  LED data reduced t o  mass exposure as a func t i on  o f  
range. 
140 and 350 sec. The cross range p o s i t i o n  scale i s  g iven i n  terms o f  t he  
o r i g i n a l  ground zero reference and, i n  parenthesis, the cen te r l i ne  o f  the  
JP-5 pool f i r e .  

Peak exposure a t  each o f  the s ta t i ons  i s  shown f o r  t imes o f  80, 100, 

As shown the exposure l e v e l s  a t  the end o f  the  burn are approximately the  same 
over the area covered by the measurements, even though there was a wide 
v a r i a t i o n  dur ing the e a r l y  burn times. 

Note, a t  e a r l y  times, (80 sec), on ly  414 f t  (126 m) and 314 ft (95.7 m) 
s ta t i ons  had any exposure. Further data reduc t ion  o f  some o f  the de tec tor  
pos i t ions  along the f o o t p r i n t  gave length  d i s t r i b u t i o n s  versus t ime and mass 
f l u x  versus time. These data are p l o t t e d  i n  Figure 5-34, The p o s i t i o n  
coordinates f o r  the i nd i v idua l  p l o t s  are given i n  terms o f  the o r i g i n a l  pad 
ground zero which i s  20 ft (6 rn) east  o f  t h e  actual  f i r e  north-south l i n e .  

As ind ica ted  by these p l o t s ,  f i b e r  data was obtained i n  spur ts  w i t h  i n i t i a l  
data a r r i v i n g  a t  the f a r  s ta t i ons  (N 200 and N 300) before a r r i v i n g  a t  the  
c lose- in  s ta t ions .  The t ime o f  a r r i v a l  o f  data co r re la tes  w i t h  the  wind 
d i r e c t i o n  data which i s  shown l a t e r .  The simultaneous a r r i v a l  o f  data a t  a l l  
ranges i n  the t i m e  per iod  o f  100 t o  120 sec suggests a r a i n  ou t  o f  f i b e r s  from 
the f i r e  pliime a t  ranges up t o  400 f t  (121.9 m). 

The p a r t i c l e  d i s t r i b u t i o n  p l o t s  show t h a t  f o r  the c lose- in  s t a t i o n  (N loo) ,  

This  peak i s  below 104 f i b e r  sec/m3. 
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the f i b e r s  are greater than 3 mm long over the  e n t i r e  recording t ime. A t  the  
second s t a t i o n  (N 150) a f u l l  range of p a r t i c l e s  were observed. A t  the  N 200 
and N 300 s ta t i ons  the f i b e r  lengths becove p r i m a r i l y  1 t o  3 rrm long, 

B a l l  Gages 

B a l l  gage r e s u l t s  a re  presented i n  Figure 5.35 fo r  a l l  gages opera t ing  i n t o  
the pu lse-s t re tcher  recorder chain. As before, concentrat ion measurements 
have been t rans lq ted  i n t o  mass f l u x  using a wind' v e l o c i t y  o f  10 fps  (3 mps), 
a mass per u n i t  l eng th  o f  0.5a pgm/cm, and the  l eng th  o f  each f i b e r  counted, 
as determined by i t s  pulse height.  The threshold below which pulses could no t  
be detected i s  about 3 rrun l eng th  corresponding t o  about 9 x 10-2 pg/cm2 sec. 
The data returned b,y the b a l l  gages were extremely sparse, i n d i c a t i n g  small 
mass f a l l o u t  o f  f i b e r s  above 3 mn i n  l eng th  i n  the  near f i e l d  reg ion  out t o  
200 ft (61 m). The f i r s t  recorded event occ ' * r e d  122 sec a f t e r  burn began, 
somewhat l a t e r  than ind ica ted  by the  LED detectors.  

Microwave Gages 

No data was returned by the  microwave systems because o f  t he  low mass concen- 
t r a t i o n s  occurr ing.  

Ac t ive  Gage Summary 

Figure 5.~6 sumnarizes the  a c t i v e  gage r e s u l t s  f o r  t h i s  f i r s t  l a rge  pool JP-5 
burn. The p a r t i c l e  a r r i v a l  t ime char t  i n  the  umer  l e f t  hand corner i s  con- 
s iderab ly  d i f f e r e n t  from t h a t  obtained i n  Tests 4 and 8. As seen the fa r  o u t  
gages (414 f t  and 314 ft [I26 m and 95.7 m]) recorded data e a r l i e r  than the  
c lose- in  gages. A l s o  shown i s  t h a t  there are  two t ime periods when data was 
recorded. Both o f  these phenomena are  caused by the  wind s h i f t i n g  i n  d i r e c t i o n  
dur i ng the burn. 

The mass f l u x  l e v e l s  3s a func t i on  of t ime and range ;ummsrized i n  the  cha r t  
i n  the  upper r i g h t  hand corner i s  also d i f f e r e n t  tha, those obtained i n  
Tests 4 and 8. TWD periods o f  F j h  mass f l u x  dens i ty  corresponding t o  the 
data a c q u i s i t i o n  a c t i v i t y  shown i n  the cha r t  t o  the l e f t  were recorded ins tead 
o f  one. A lso  the dura t ion  t i n e s  fo r  high dens i ty  cloud remains almost constant 
over the measurement range. 

The peak mass f l u x  a t  each range taker. f o r  t h e  t ime per iod  75-125 sec a f t e r  
s t a r t  o f  the burn as shown i n  the lower c h z r t  i s  again d i f f e r e n t  from those 
obtained i n  Tests 3 and 8. The peak l e v e l s  are almost constant over the e n t i r e  
range and do no t  drop o f f .  The mass f l ux  enveloPe shape does not f a l l  off  e i -  
t he r  s ide o f  the maximum a t  each range l i k e  i t  d i d  f o r  the  previous tes ts .  The 
wind variance and burn dura t ion  are the probable reasons f o r  these d i f f c rences .  

Fl ame Ve 1 oc ime t e r  

A flame velocimeter developed a t  TRW dur ing the  NWC t e s t  ser ies  was used f o r  
the f i r s t  t ime t o  scan the Test No. 11 f i r e .  The r e s u l t s  are shown i n  Figure 
5.37. The v e l o c i t y  o f  38 fps (11.6 mps) observed near thc  c e n t w  o f  the f i r e ,  
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can be compared t o  the 35 fps (10.7 mps) p red ic ted  by computer ca l cu la t i ons  f o r  
a 30 ft (9.1 m) diameter pool. If adjustment i s  made f o r  the d i f f e r e n c e  i n  
pool f i r e  s ize  by Froude number scal ing,  the  measured and p r e d i c t t !  v e r t i c a l  
v e l o c i t i e s  s t i l l  remain i n  agrement. 

It can be seen t h a t  as expected the v e r t i c a l  gas v e l o c i t y  reduces i n  value from 
center t o  edge. The 11 fps  (3.4 mps) v e r t i c a l  value noted a t  the  edge o f  the  
pool can be compared wi th the  10 fps (3.05 mps) hor izon ta l  wind v e l o c i t y  ou t -  
s ide the f i r e  plume reg ion  dur ing most  o f  the burn. 

TEST NO. 12 - SPOILER BURN AND EXPLODE 

The debr is  from the previous s p o i l e r  burn was co l l ec ted  and pos i t ioned on a 
g r i d  over the 40 x 60 ft ( l b . 2  x 18.3 m) pool. As before, JP-5 was used and 
some gasol ine added t o  hasten i g n i t i o n  o f  t he  JP-5. A f t e r  t w o  f a l s e  s t a r t s ,  
i g n i t i o n  was f i n a l l y  achieved a t  12:34 pm PDT on May 4, 1978. However, most 
of the gasol ine had evaporated by t h i s  t ime so t h a t  i t  took a long t ime f o r  
the JP-5 t o  completely i g n i t e .  The scheduled 4 minute burn was a c t u a l l y  
completed a t  12:41 pm PDT. 
exploded 2-1/2 minutes i n t o  the  burn a t  12:36 pm PDT. 

A shaped charge one f o o t  below the debr is  was 

Thermocouple Data 

Because o f  the nature o f  the debr is  i t  was impract icable t o  a t tach  thermo- 
couples. 
t h a t  much the same temperatures would be reached as i n  the previous t e s t .  

Gage Layout 

Flame temperature was not  measured e i t h e r ,  3lthough it i s  expected 

The ac t i ve  gage con f igu ra t i ov  was the same as i n  Test No. 11 (see Figure 5.31). 

LED Gages 

Figure 5.38 presents the t o t a l  p a r t i c l e  count h i s t o r i e s  o f  a l l  LED systems a t  
the 100, 200 and 300 ft (30.5, 61 and 91 m) down range pad pos i t i ons  (Add 114 
f t  C34.7 m] f o r  range). As indicated, thene wds a continuous shower over t h e  
ac t i ve  gage loca t ions .  
each ranqe ind ica tes  a wind 5 . ~ .  ed o f  7.7 fps (2.3 mps), which i s  i n  good 

The d i f ference i n  a r r i v a l  t imes o f  data a c t i v - i t y  a t  

agreement w i t h  wind speed data obtained d i r e c t l y  
t o  Test No. 11 where there appeared t o  be a r a i n  
a l l  ranges. The r e l a t i o n s h i p  between count r a t e  
shown i n  Figure 5.38. P a r t i c l e  count data f o r  se 
range LED systems are displayed i n  Figure 5.39. 
terms o f  the o r i g i n a l  pad coordinates. The time 
the burn, and the  t ime o f  t he  explosion i s  i n d i c  
envelope o f  the data i s  presented, i n  con t ras t  t o  

This i s  i n  marked-contrast 
out  o f  f ibers  concurrent ly  a t  
and concentrat ion i s  a lso  
ected downrange and cross 
Each l o c a t i o n  i s  g iven i n  
scale i s  begun a t  s t a r t  o f  
ted  w i t h  a dashed l i n e .  An 
the i n d i v i d u a l  p a r t i c l e  counts . -  

shown i n  Figure 5.38, Only a small amount o f  ma te r ia l  appears t o  be detected 
a f t e r  the explosion, most p a r t i c u l a r l y  a t  the c loses t  p o s i t i o n  o f .  100 f t  
(30.5 m),  (214 ft ranae C65.2~11). 
s h i f t  i n  the wind d i r e c t i o n  from souther ly  t o  80" west o f  south about the t ime 
o f  the explosion, cont inu ing i n  t h i s  d i r e c t i o n  f o r  about two minutes before 

This  i s  most c e r t a i n l y  due t o  an unfor tunate 
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re tu rn ing  f o r  another 2.7 minutes t o  a souther ly  d i r e c t i o n .  

Ba l l  Gages 

Extremely sparse data was returned by the b a l l  gages f o r  t h i s  t e s t ,  i n d i c a t i n g  
low concentrat ions and mass f l u x  i n  the  gaging area above 3 m lengths.  No 
events were recorded on any of the  b a l l  gages dur ing  the 146 sec o f  burn pre-  
ceding the  explosion. This  i s  i n  sharp con t ras t  t o  t h e  LED data re tu rns ,  
s t rong ly  i n d i c a t i n g  t h a t  the  great  preponderance o f  release, t ranspor t  and 
deposi t ion,  a t  l e a s t  p r i o r  t o  the  explosion, was f i b e r s  with lengths sho r te r  
than 3 mm. 

Even a f t e r  the explosion, the  data returned by the  b a l l  gages was sparse as 
ind icated i n  Figure 5.40 and, as noted i n  the l eng th  d i s t r i b u t i o n  obtained, 
s t rong ly  ind ica ted  the most probable lengths t o  be l ess  than the 3 mn 
threshold o f  the b a l l  gage systems. 

Microwave Gages 

Again, probably because o f  the low concentrat ions as observed on b a l l  gages, 
no data were returned on the microwave gage systems. 

LC Deposi t ion Gage 

A new gaging system under development a t  TRW dur ing  the t e s t  se r ies  was 
f i e l d e d  f o r  t h i s  tes t .  The gage was pos i t ioned 70 ft (21 m) no r th  o f  the  
explosion p o i n t  about one f o o t  o f f  o f  the ground. 
o f  s t i c k y  paper, as used i n  the passive detectors  fo r  each t e s t .  The r e s u l t s  
f o r  t h i s  "LC deposi t ion gage" are presented i n  F igure 5.41. 
f i r s t  f i b e r  i s  i nd ica ted  about 6-1/2 sec a f t e r  the explosion, fo l lowed a t  
10 sec by several l a r g e r  s ized pulses. 
Only three f i b e r  c lus te rs  are noted on the  s t i c k y  paper. 
or iented deposi t ion p l a t e  i s  230 cm2 i n  area. 

I t was provided wi th a p iece 

Receipt o f  the 

No pulses were noted a t  l a t e r  t imes. 
The h o r i z o n t a l l y  

The record shows four c lus te rs  were received and on ly  three remain on the  
surface. I t i s  probable t h a t  one b i t  o f  carbon f i b e r  mater ia l  landed and 
then re-ent ra ined i n t o  the a i r  because o f  an i n a b i l i t y  t o  s t i c k  t o  the 
s t i c k y  paper. 

AIRCRAFT COCKPIT TEST AT NWC 

One t e s t  was performed a t  the NWC t e s t  s i t e  us ing an a i r c r a f t  cockp i t  manu- 
factured p a r t i a l l y  ou t  o f  carbon composite mater ia l .  As i n  the previous two 
tes ts  the cockp i t  was pos i t ioned above the  40 f t  x 60 f t  (12 m x 18 m) nominal 
pool f i l l e d  with JP-5 over water w i t h  a b i t  o f  gasol ine added t o  hasten 
i g n i t i o n .  

A l l  ac t i ve  gage systems were i n  operat ion and were located as i n  t!le previous 
two tes ts ,  see Figure 5.31. The "Jacob's ladder",  con ta in ing  many passive 
vu-graph b r i d a l  v e i l  sensors, was pos i t ioned as i n  the  previous two t e s t s ,  
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probably compromising the data a t  the  nominal 200 ft (60 m) ,  (414 ft [126 m] 
range), pos i t ions by perhaps 20%. 

TEST NO. 13 - COCKPIT BURN 

The burn, p rogr -wed t o  be for  6 minutes, was begun a t  11 :45 am PDT on May 5, 
1978 and ended a t  approximately 11:51 am PDT. 

Thermocouple Data 

Thermocouples were i n s t a l l e d  a t  f o u r  loca t ions  on t h e  cockp i t  w i t h  a f i f t h  
thermocouple d i r e c t l y  under the  cockpi t  t o  measure flame temperature. 
of chromel-alumel construct ion.  
pos i t ion ing.  

A l l  were 
Table 5.2 g ives t h e  legend f o r  the  Thermocouple 

Table 5.2. Cockpi t  Test 
Thermocouple Pos i t ions  

No. Pos i t i  o n 

1 Thin End Bulkhead, Outside 
2 Cockpit I n t e r n z l  Seat 
3 Thick End Bulkhead, I n s i d e  
4 Flame Temperature, Below 
5 Thick End Bulkhead, Outside 

- 

The temperature re tu rns  are presented i n  Figure 5.42. 
t o  be zeroed i n i t i a l l y  and was changed t o  the sensing mode about 1.6 minutes 
i n t o  the burn. As noted by observers dur ing the middle p o r t i o n  o f  the  burn, 
the wind and plume were d i rec ted  t o  the west and seemed t o  p a r t i a l l y  miss the  
cockpi t .  This i s  borne out  by the abrupt drop and recovery i n  a l l  temperatures 
except on the high heat capaci ty bulkhead. 
thermocouple exh ib i ted  h igh amplitude, high frequency, noise so t h a t  the 
averaged data from i t  dur ing t h i s  per iod i s  somewhat quest ionable.  (Also the  
flame temperature readings have no t  been corrected for r a d i a t i o n  losses) .  As 
noted by observers, the major p o r t i o n  o f  the cockp i t  f e l l  i n t o  the f i r e  a t  about 
5-1/2 minutes i n t o  the burn. A t  t h i s  p o i n t  the TC-3 abrupt ly  re turned t o  t h e  
negative stop o f  the recorder channel and stayed there. A l l  o ther  TCs except 
No, 5 returned r a p i d l y  t o  basel ine i n d i c a t i n g  they were s t i l l  at tached and t h a t  
the cockpi t  i n  t h a t  area was probably in.  o r  very near the  wa b r .  

a t  high temperature, s lowly  d r i f t i n g  down i n  temperature over the next  15 
minutes. 
During the a c t i v e  por t ions  o f  the burn the f i r e  was extremely hot. 
pos i te  reached a maximum temperature o f  over 2250°F (1232°C) and was t y p i c a l l y  
above 2000°F (1093°C) f o r  2-3 minutes. A l l  p a r t s  o f  t h e  composite were above 
1350°F (732°C) for  almost 5 minbtes. 

TC-3 a m p l i f i e r  appeared 

During t h i s  por t ion ,  the  f lame 

TC-5 continued 

Presumably i t  remained attached and s i g n i f i c a n t l y  above the water. 
The com- 
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Gage Layout 

The a c t i v e  gage layout was the same as i n  Test No. l l ( s e e  Figure 5.31). 

LED Gages 

O f  the twenty-one LED systems deployed as shown on the  s i t e  map, data was 
recorded on nineteen gages. Tile o ther  two gages were no t  opera t ing  dur ing  t h i s  
event (Fiaure 5.43 d isp lays  t h i  r e s u l t s ) .  Shown i s  the mass f l u x  o f  th ree  
gages a t  downrange pad coordinates of 100, 200, and 300 ft (30.5, 61 and 91 m) 
a t  the cross range p o s i t i o n  o f  10 west. These data a re  representa t ive  of t he  
other LED returns, 
10-1 t o  100 pgms/cm2 sec regime. 
south o f  ground zero and 20 f t  (6.1 m) west. 

Fiber bundle s ize ,  the number of f i be rs  detected, a re  shown f o r  t he  same th ree  
systems as ind ica ted  here. The l a r g e r  bundles (g rea ter  than 86 f i b e r s )  a r e  
mostly detected a t  the c lose i n  range loca t i on .  

As ind ica ted  by these p lo t s ,  the mass f l u x  i s  most ly i n  the  
As before the SOu'i~C~ center  i s  114 f t  (34.7 m) 

P a r t i c l e  count envelope data from th ree  downrange LED systems i s  d isplayed i n  
Figure 5.44. 
f a r t h e r  ou t  s ta t i ons .  
i nd i ca te  a random ra inou t  o f  p a r t i c l e s  from the  plume. 
count r a t e  and concentrat ion i s  a l so  shown i n  t h i s  f i g u r e .  

Cross range p a r t i c l e  count envelope data from the  LED systems a t  l oca t i ons  o f  ' 

100 f t  (31 m) (214 f t  range c-65.2 m]) are presented i n  Figure 5.45. As p l o t t e d  
i t  appears t h a t  the p a r t i c l e  count i s  higher a t  the  e a r l y  t imes, The lack  o f  
data from 200-350 sec t ime i s  due almost c e r t a i n l y  t o  the wind s h i f t  mentioned 
before. This s h i f t ,  as seen a t  the cockp i t ,  occurs from 2 t o  4 minutes a f t e r  
the burn i s  i n i t i a t e d .  

The counts appear t o  be more evenly d i s t r i b u t e d  i n  t ime a t  the  
D a t a  re tu rns  a f t e r  the  end o f  t he  burn ( 6  minutes) 

The r e l a t i o n s h i p  between 

B a l l  Gages 

The mass f l u x  as seen by the b a l l  gages i s  p l o t t e d  i n  Figure 5.46. Events 
occur on l y  on the gages located a t  the 314 ft (95.7 m) range on the  t ime scale 
o f  most i n t e r e s t .  
300 sec due t o  the wind s h i f t .  

As w i t h  the  LED detectors,  no events are noted from 150 t o  

For t h i s  t e s t  the tape records were fol lowed ou t  t o  r a t h e r  l a t e  times. The 
r e s u l t s  a re  i n t e r e s t i n g  and are presented i n  Figure 5.47, both as f i b e r  
concentrat ion and as mass f l u x .  

A f te r  12-14 minutes many events are noted. This i s  probably due f o r  the most 
p a r t  t o  the presence o f  personnel i n  the area covp**ing a l l  o f  the s t i c k y  paper 
passive sensors, and ind i ca tes  t h a t  a s i g n i f i c a n t  amount o f  ma te r ia l  which has 
deposited on the ground i n i t i a l l y  i s  capable o f  re-entrainment - causing a 
significant added exposure. I n  f a c t  the t o t a l  exposurg noted a t  l a t e  times i s  
about 3-4 times t h a t  noted dur ing  o r  d i r e c t l y  from plume passages. 
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Also displayed i n  the f i g u r e  i s  the length  d i s t r i b u t i o n  down t o  the 3 mn 
threshold as a func t i on  o f  the time a f t e r  i n i t i a t i o n  o f  the burn. Those 
p a r t i c l e s  re-ent ra ined from 20-30 minutes appear no t  t o  peak below the thresnold 
but well i n t o  the 3 t o  20 nm reGion. 

Microwave Gages 

No re tu rns  o f  s ign i f i cance  were obtained from the microwave gage systems f o r  
t h i s  t e s t  as i n  several previous tests .  
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6. PHOTOGRAPHIC AND METEOROLC GICAL INSTRUMENTATION: 
DATA REDUCTION A&D ANALYSIS 

Several types o f  photography were employed a t  NWC.field t e s t s  t o  record the 
plumes generated by the C-4 explosions and JP-5 f i r e s .  Visual movie cameras 
were pos i t ioned upwind and crosswind from the  t e s t  pad t o  permit  several views 
o f  the tes ts .  The 
v isua l  data was used t o  develop the fo l l ow ing  in fo rmat ion  presented herein:  
1 )  C-4 explosion p u f f  growth p r o f i l e s  and p u f f  growth h i s t o r i e s ,  2) t y p i c a l  
JP-5 f i r e  plume p r o f i l e s  w i t h  g r i d  over lays f o r  smoke plume dimensions, f i r e  
plume dimensions, f i r e  plume heights and v e r t i c a l  speeds, smoke plume v e r t i c a l  
speeds, and J P - 5  generated smoke pu f f  r o t a t i o n a l  motion parameters. The I R  
d i sp lay  was used t o  ob ta in  the r i s e  and f a l l  o f  fragments o f  exploded mate r ia l  
and o f  f l y i n g  debr is  generated by the JP-5 f i r e .  IR thermography images and 
v isud l  photographs are  displayed together 1’1 - conparison o f  t he  d i f f e r e n t  p u f f  
growth h i s t c r i e s  ds seen a t  long and shor t  wavelengths. 

I n f r a r e d  (IR) thermovision was used t o  record  IR images. 

Near surface wind v e l o c i t y  measurements were tdker! d t  th ree  a i ,  ‘erent he igh ts  
on the P d ieoro log ica l  (iiiet) towers and summarized i n  t h i s  sect ion.  
teiiipe:atu-.e values a t  the th ree  d i f f e r e n t  heights a re  a l so  quoted. 

Anibient 

The d a t i  reduct ion and and lys is  r e s u l t s  presented here in  have been grouped i n t o  
several categories corresponding t o  the  energy source. These f a l l  n a t u r a l l y  
i n t o  the chronological  order i n  which the t e s t s  were performed; i n  each category 
the r e s u l t s  a re  grouped according t o  a p a r t i c u l a r  t e s t .  The data i s  preceded 
by a b r i e f  summary o f  the v isua l  movie ana lys is  methodology. The photography 
data f o r  each t e s t  i s  preceded by a summary o f  the  .near surface meteorological  
condi t ions which apply to .  the plume generat ion and propagation. 

VISUAL MOVIE ANALYSIS METHODOLOGY 

Using known reference heights such as the met towers, telephone poles, and 
l o c a l  h i l l  tops, photographic image t o  actual  ob jec t  sizes i n  the  photographs 
were establ ished by geometric t ranstormat ion techniques. 
used t o  es tab l i sh  actual  dimensions of C-4 explosion p u f f s  and J P - 5  f i r e  plumes. 
Explosion p u f f  dimensions could r e a d i l y  be obtained from photographs, because 
the image t o  ob jec t  transformation fac to r  does no t  vary appreciably -across the  
p u f f  photograph. Overlay g r i d s  f o r  photo images o f  the J P - 5  f i r e  plumes were 
prepared t o  permit  quick determinat ion o f  the dimensions, s ince the  image t o  
ob jec t  t ransformat ion f a c t o r  var ies  considerably across the plume photograph. 
Typical photographs w i t h  g r i d  over lays are deployed f o r  Test No.  11 i n  i t s  
respect ive subsection (Figures 6.30 t o  6.35). 

This approach was 

A t y p i c a l  sequence o f  steps leading t o  flame o r  smoke heights and v e r t i c a l  
speeds i s  shown i n  Figure 6.1, which app l ies  d i r e c t l y  t o  T e s t  No. 11. 
view establ ishes the lead ing  edge ang le ,e ,  f o r  the plume as viewed from the  
south. 
[207 m] west o f  pool cen ter ) ,  i s  shown as a f unc t i on  o f  t ime. This p l o t  can 
bz d iv ided i n t o  two regions w i t h  the fo l low ing  average values 

The west 

A p l o t  o f e ,  as measured from the  near west view (camera located 680 f t  
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52" f o r  T < 60 sec o r  T 2 210 sec I 
'= t66O f o r  60 5 T  < 210 sec 

These two values were used i n  prepar ing the  g r i d  over lays for  the  south views 
presented i n  Figures 6.32 t o  6.35. 

PROPANE BURN/ EXPLODE TESTS 

The data i n  t h i s  subsection covers propane burns o f  carbon f i b e r  composite f l a t  
p la tes  and b a r r e l s  fo l lowed by a C-4 explosion o f  each burned sample. 
the propane burn e s s e n t i a l l y  melted away t h e  epoxy b inder  o f  t h e  carbon/graphi te 
composite mater ia l  w i t h  l i t t l e  o r  no f i b e r  release, the  t ime per iod  o f  i n t e r e s t  
f o r  carbon f i b e r  release and propagation i s  a f t e r  t h e  s t a r t  o f  t h e  C-4 explosion. 
Met and photography data i s  presented f o r  t h i s  per iod.  

Since 

TEST NO. 4 

The near surface (20.5, 37.5 and 55.5 ft C6.2, 11.3 and 16.9 m] above the 
ground) wind data i s  shown i n  Figure 6.2 f o r  Test No. 4. D i g i t i z e d  wind speed 
and d i r e c t i o n  data i s  presented f o r  t h e  th ree  measurement heights as a func- ion  
o f  t ime a f t e r  explosion. Northeast meteorological  tower r e s u l t s  are d isp layed 
because t h i s  tower i s  c loses t  t o  t h e  downstream reg ion  where mater ia l  was 
recovered. Average values f o r  t h e  e n t i r e  t e n  minute per iod  are a l s o  presented. 
Average wind speeds var ied  from 5 t o  6 fps (1.5 t o  1.8 mps), w h i l e  average 
wind d i r e c t i o n  var ied from 175" t o  210" as measured from t r u e  nor th .  Thus the  
winds were predominantly souther ly  (blowing from south t o  n o r t h ) .  

Ambient temperature was a l s o  measured and found t o  be 48°F (8.9"C). 
values as a func t ion  o f  he igh t  are as fo l lows:  

Spec i f i c  

Table 6 .l. Ambient.Temperature For Test No. 4 

Temperature 
O F \  

' Ground ( f t )  I 

Height Above 

3 
18 
28 
38 

48.0 
47.5 

47.2 
--- 

Figure 6.3 e x h i b i t s  a sequence o f  superimposed t ime lapse t rac ings  o f  p r o j e c t -  
ions o f  selected frames imaged by t h e  near south pos i t ioned Fastax camera t h a t  
u t i l i z e d  a te lephoto lerls. The Fastax cameras were operated a t  a nominal 
"freeze-action" r a t e  o f  4000 frames per sec, and thus provided an exce l len t  
impression o f  t h e  dynamics o f  the developing explosion, the  i n i t i a l  " j e t  pulse",  
which was unique t o  Test No. 4, and a lso o f  the more f a m i l i a r  smoke p u f f  
i n i t i a t i o n .  
24 f t  (7.3 m) v e r t i c a l l y ,  the r a p i d l y  decaying top  o f  the " j e t  pulse" e x i t s  
from the f i e l d  o f  view before-0.08 sec a f t e r  the explosion, and the smoke p u f f  

Since the te lephoto lens r e s t r i c t s  the f i e l d  o f  view t o  less  than 
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begins t o  e x i t  s h o r t l y  a f t e r  - 0.1 sec. An image-to-object d is tance convers- 
i o n  bar i s  shown. The " j e t  pulse" he igh t  and r i s e  v e l o c i t y  h i s t o r i e s  p l o t t e d  
i n  Figure 6.4 were computed from t h i s  camera f i l m  data. 

The Test No. 4 cameras, p a r t i c u l a r l y  t he  te lephoto Fastax camera, imaged a 
narmw, extremely r a p i d l y  r i s i n g  t r a n s i e n t  " j e t  pulse" r i s i n g  through and above 
the normal longer l a s t i r l g  explosion puff. Th is  " j e t  pulse", poss ib ly  owing t o  
mu1 t i p l e  r e f l e c t i o n s  o f  the  explosion shock front,  exh ib i t ed  de tec tab le  con t ras t  
f o r  less  than 0.1 sec. 
h i s t o r i e s  o f  t h i s  t r a n s i e n t  ' ' j e t  pulse". 

Figure 6.4 e x h i b i t s  the  r i s e  he igh t  and r i s e  v e l o c i t y  

The data displayed i n  Figure 6.5 were obtained from camera images usinq con- 
vent ional  c o l o r  f i l m  w i t h  a "wide angle lens"  and s i t u a t e d  approximately 550 ft 
(168 m) west and 100 ft (30.5 m) n o r t h  of ground zero. 
r e l a t i v e l y  poor q u a l i t y ,  w i t h  appreciably l ess  than des i rab le  p u f f  t o  back- 
ground cont ras t .  
d i f f i c u l t  t o  d i sce rn  against  the  t e r r a i n  h i l l  background a f t e r  approximately 
5 sec o f  wind propagation. Thus the pos i t i ons  of the p u f f  maxima, seen against  
sky background, a re  more accurate than those o f  p u f f  center.  

Camera images were o f  

I n  p a r t i c u l a r ,  the  lower p o r t i o n  of t h e  p u f f  became very 

TEST NO. 5 

The near surface wind data i s  shewn i.n Figure 6.6 f o r  Test No. 5. 
northeast met tower r e s u l t s  are displayed, because southwest tower data d i d  not. 
d i f f e r  s i g n i f i c a n t l y  from these values. Average wind speeds var ied  from 5 t o  
6 fps (1.5 t o  1.8 mps), wh i le  average wind d i r e c t i o n . v a r i e d  from 160' t o  180" 
as measured from t r u e  north.  Thus the winds were predominantly souther ly  
(blowing from south t o  n o r t h j .  

Ambient temperature was ai so measured and found t o  be 49°F ( 9 . 4 O C ) .  
values measured a t  several heights are: 

Only the  

Speci f ic  

Table 6.2. Ambient Temperature For Test No. 5 

Height Above Temperature 
Ground ( f t)  (OF) 

3 49.8 
18 49.4 
28 49.2 
38 49.2 

Figure' 6.7 e x h i b i t s  superimposed time lapse t rac ings  o f  selected frames imaged 
by one o f  the near south pos i t ioned Fastax Cine cameras, the one w i t h  the 
r e l a t i v e l y  wider f i e l d  of view. The o the r  Fastax camera u t i l i z e d  a te lephoto  
lens t o  r e s t r i c t  i t s  f i e l d  o f  view t o  o n l y  a s m a l l  f r a c t i o n  o f  t h a t  shown 
herein, and would be o f  i n t e r e s t  p r i m a r i l y  f o r  a study o f  the dynamics of the  
explosion pulse flames. 
4000 frames per sec. 
mately 0.5 sec (2000 frames) a f t e r  the  explosion. When played back a t  normal 
24 o r  1 6  frame per sec speeds, the te lephoto camera f i l m  (no t  shown) e x h i b i t s  
i n t e r e s t i n g  d e t a i l s ,  i n  very exaggerated slow motion, o f  exploded fragments 
f l y i n g  about and changing aspect. 

Both Fastax cameras operated a t  a nominal r a t e  o f  
I n  both, the  puff  con t ras t  decays r a p i d l y  a f t w  approxi-  
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Tracings o f  selected frames from the near south wide angle camera t h a t  used 
standard co lo r  f i l m  are disp,qyed i n  Figure 6.8. 
v e r t i c a l  dimensions are  shown on the  t rac ings .  These plume dimemions are 
subject  t o  a systematic e r r o r  w i t h i n  approximately + lo%, p lus  comparable 
random er rors  a r i s i n g  from plL,ie image cont ras t  f l u r t u a t i o n s ,  e tc .  The random 
e r ro rs  tend t o  increase sharply as the smoke plume becomes dimmer w i th  passing 
time. 

Computed p u f f  widths and p u f f  

Figure 6.9 shows tracir lgs o f  selected time-lapse frames from the  near west wide 
angle camera, located i n  a v i c i n i t y  approximately 550 ft (168 m) west zad 100 
ft (30.5 m) nor th  o f  ground zero. The image t o  ob jec t  space scale bcir shown 
represents an approximate average f o r  the imaaed smoke plume view area. The 
t r u e  smoke cloud s a l e  fac to r  var ies by approximately L 5%. This  f a c t o r  de- 
pends upon both image space distance from the p o i n t  Po shown, and u p m  the 
d i r e c t i o n  cosines between displacements of i n t e r e s t  and the  corresponding 
rad ius vector f r o m  Po. 

The data p l o t t e d  i n  Figure 6.10 were cbtained by apply ing ca lcu la ted  image- 
to-object  space dimensional t rans fe r  factors t o  the  se lected frames o f  the  
" in f ra red  extended c o l o r  f i l m "  image p r o f i l e s  shown i n  Figure 6.9 (obtained 
from the near west wide angle camera). 
w i tb  r e l a t i v e l y  poor contrast  between ob jec t  space features and between the  
wind propagated exolosion plume and the background. 
center pos i t ion ,  and more p a r t i c u l a r l y  the  plume dimensions, a re  dependent upon 
v i s i b i l i t y  cont rast  as we l l  as upon the space-time d i s t r i b u t i o n  o f  plume 
p a r t i c l e s  and gases. 
the outer boundaries o f  the  plume are detectable more from frame-to-frame 
changes i n  contrast  than.by s t a t i c  viewing. 
i s  q u i t e  d i f f u s e  and d i f f i c u l t  t o  observe. 

The Cine images were o f  poor qual i ty, 

The detectable plume 

With in  approximately 10 t o  12 seconds a f t e r  the explosion, 

Beyond 15 sec, the e n t i r e  plume 

The t h e n o v i s i o n  2-5 micron wavelength scanning camera shows the detonat ion 
p u f f  o f  the f l a t  p la te  t e s t  t o  be higher and wider, and t o  be i s  gi'eater 
cont rast  than ind icated by the v i s i b l e  l i g h t  movie carnerz. These comparisons 
are presented i n  Figure 6.11. Both types o f  cameras are look ing  a t  the same 
f i be r  cloud ove, the same f i e l d  o f  view. Beyond 10 sec a f t e r  detonat ion,  t he  
i n f ra red  system c l e a r l y  shows more o f  the c loud than the v i s i b l e  l i g h t  movie 
camera; a f t e r  50 sec the i n f ra red  system s t i l l  shows the f i b e r  cloud which can 
no longer be seen i n  the v i s i b l e  l i g h t  movies. 

The cloud height  and rad ius growth I i i s t o r i e s  f o r  t he  explos ive p u f f  generated 
by two ounces o f  explosives s h a t k r i n g  a burned carbon f i b e r  composite p l a t e  
are shown i n  Figure 6.12. Note how the IR sees twice the cloud width a t  l a t e r  
times, as  compared t o  v i s i b l e  l i g h t  movies, And sees the cloud f o r  per iods s i x  
times 1 onger. 

TEST NO. 6 

The near surface wind data i s  presented i n  Figure 6.13 f o r  Test No. 6 f o r  the 
northeast met tower. Average wind speeds were q u i t e  ?ow, varying f r o m  1 t o  2 
fps (0.3 t o  0.6 mps), whi le  avarage wind d i r e c t i o n  var ied from 110" t o  140" as 
measured from t r u e  north.  Thus tile winds blew predominantly from the  southeast. 
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Ambient temperature was a l so  measured and found t o  be 4OoF (4.4OC). The f o l -  
lowing t a b l e  provides s p e c i f i c  values as a f u n c t i o n  o f  he igh t :  

Table 6;3. Ambient Temperature For Test No. 6 

Height Above 
Ground (ft) 

3 
18 
28 
38 

Temperature 

40.2 
40.0 

39.9 

(OF) 

--- 

Figure 6.14 e x h i b i t s  a sequence of t rac ings  o f  Po la ro id  camera s t i l l s  o f  
selected images recorded by the video camera boresighted w i t h  the  i n f r a r e d  
thermovision/thermograph equipment, which fo r  Test No. 6 was s i t u a t e d  700 f t  
(213 m) due west o f  ground zero. S i x t y  image f i e l d s  per sec were recorded on 
a video tape recorder f o r  l a t e r  evaluation. An image-distance t o  ob jec t -  
d istance scale bar i s  included. The sequence o f  t rac ings  i l l u s t r a t e  the smoke 
p u f f  growth and northward d r i f t  w i t h  the  p r e k a i l i n g  wind. I t  i s  seen t h a t  as 
t ime progresses, the smoke p u f f  tends t o  become more spher ical .  

The explosion p u f f  h i s t o r y  i s  presented i n  Figure 6.15 as reduced from p i c t o r i a l  
data depicted i n  Figure 6.14 f o r  t he  boresighted near west camera. This video 
data i s  super io r  t o  Cine camera data obtained from the  camera t h a t  was s i t u a t e d  
approximately 550 f t  (168 m) west and 100 ft (30.5 m) .nor th  o f  ground zero, i n  
t h a t  detectable cont ras t  p e r s i s t s  f o r  a longer t ime and extends t o  l a r g e r  
detectable p u f f  image dimensions. The ex ten t  o f  both temporal and s p a t i a l  
detectable p u f f  con t ras t ,  however, s t i l l  i s  i n f e r i o r  t o  t h a t  obtained from the  
I R  thermovision thermographs w i t h  which the  video camera was boresighted. 
Figure 6.16 d isp lays  v a r i a t i o n  w i th  t ime o f  the  maximum he igh t  (h) and cor -  
responding hor izon ta l  displacements o f  t he  p u f f  p r o f i l e  f o r  Test No. 6, as 
observed by the video camera boresighted w i t h  the  I R  thermovision thermograph 
instruments. 
i s  exh ib i t ed  i n  Figure 6.17 as a func t i on  o f  t ime a f t e r  explode. The puff 
maximum height data was reduced from Po laro id  s t i l l s  o f  the  taped boresight 
video camera data, as f o r  preceding f i gu res .  The taped video images were 
recorded a t  the r a t e  o f  60 i n te r l aced  " f i e l d s "  (30 frames) per sec, thus 
a l low ing  the r a p i d l y  dece le ra t ing  e a r l y  t ime r i s e  v e l o c i t i e s  t o  be determined 
a t  shor t  t ime i n t e r v a l s .  

The r i s e  v e l o c i t y  o f  the explosion pu f f  v e r t i c a l  maxima, (Ah/&),  

A comparison o f  v i s i b l e  photography and I R  thermograph images fo r  several con- 
t r a s t  l e v e l s  i s  presented i n  Figure 6.18. The photograph i n  the v i s i b l e  l i g h t  
regime shows the combined clouds from the  smoke generator and from the f i b e r  
plume generated by the explosion of the f l a t  p la te .  
i n d i v i d u a l l y  i d e n t i f i e d  o r  ou t l ined .  The i n f r a r e d  image a t  the r i g h t  o f  the  
f i g u r e  i s  se t  a t  even grea ter  con t ras t  t o  e l im ina te  the  lower e m i s s i v i t y  gases 
and t o  maintain the higher e m i s s i v i t y  fragments. This e f f e c t  can be used t o  
t rack  fragments when they are hidden by a plume background. 

The two clouds cannot be 
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Typical I R  image r e s u l t s  f o r  Test No. 6 are depic ted i n  Figure 6.19. 
sec a f t e r  the explosion, the f i v e  fragments c i r c l e d  on th i s  f i g u r e  were t racked 
w i th  the I R  thermovision. Note the e n t i r e  frame was 8 ft (2.4 m) above g r w n d  
leve l  afid v i e w d  i n  a f i e l d  56 ft (17 IL) h igh by 51 ft (15.5 m) across, 
data could no t  be obthined from v i s i b l e  l i g h t  movie cameras. 

Height from ground l d v e l  t o  the top  of :he p u f f  and p u f f  width h i s t o r i e s  are 
p l o t t e d  i n  F i g w e  6.20 from IR thermovision and v i s i b l e  images. The IR data 
pers is ted out  t o  30 sec. wh i le  the v i s i b l e  data l as ted  only out t o  10 sec 
a f t e r  explosion. 
be t te r  cont rast  than h i t h  the v i s i b l e  images. 

A t  1.06 

This  

Both height  and width a re  g rea ter  f o r  the  IR data because o f  

TEST NO. 7 

This t e s t  was condtictea wi thout  a carbon composite sample t o  ob ta in  photo- 
graphic data j u s t  on the C-4 explosion. 
carbon f ibers .  
reduct ion  and analys is  program; hence no data i s  presented here. 

The r e s u l t i n g  ?uff d i d  n o t  con ta in  
. Data from Test No. 7 was no t  reduced as p a r t  o f  t h i s  data 

TEST NO. 8 

The near surface wind data i s  shown i n  Figure 6.21 f o r  Test No. 8.  
values f o r  the e n t i r e  ten minute p e r a d  are a l so  presented. 
speeds var ied from 5 t o  6 fps (1.5 t o  1.8 mps), wh i l e  average wind d i r e c t i o n  
var ied from 175" t o  190" as measured from t r u e  north.  Thus the  winds were 
predaninant ly souther ly.  

Pmbient temperature was found t o  be 51°F (10.6OC). 
heights are as fo l lows:  

Average 
Average wind 

Spec i f i c  values f o r  several  

Table 6.4. Ambient Temperature For Test No. 8 

Height Above Temperature 

3 51.7 
18 51.2 
28 --- 
38 51 .O 

Ground (ft) (OF) 

The p lo t ted  data i n  Figure 6.22 were obtained by apply ing ca lcu la ted  image t o  
ob jec t  dimension t rans fe r  fac to rs  t o  selected fram-; o f  camera c o l o r  f i l m  ob- 
ta ined f rom a camera located approximately 490 ft .'49 m) due south o f  ground 
zero f o r  Test No. 8. The usable background features were fewer than for Test 

(ram scat ter ,  howevw, s t i l l  i nd ica tes  appreciable random e r ro r ,  p a r t  o f  which 
may r e s u l t  f rom the var ia t ions  i n  background br ightness which e f f e c t  plume t o  
background contrast .  
dimension occurr ing around 20 sec a f t e r  the  explosion may be rea l ,  but  a lso  
may r e s u l t ,  a t  l eas t  p a r t i a l l y ,  f rom the d i f f i c u l t y  i n  determining v i s i b i l i t y  
contours i n  very low cont ras t  images. 

5, but gave a be t te r  c o r r e l a t i o n  for  the t rans fe r  factors .  The p l i  +ed 

The apparent r e l a t i v e  maxima i n  plume v e r t i c a l  and l a t e r a l  

6-25 





8 
c 

(Id) HlQIM'lHOI3H 

6-27 



a3 

0 
L 
e, 

Q c 
I 

rg 
e, 
a 

ul 

n 

‘“ 

6-28 



6 4 l  
cn 
0 
3 
W z 
3 
0 

-4 n - .  
Z-’ 
= 5  ow 
8-l 

18 

6-29 



The data displayed i n  Figure 6.23 were obtained from selected frzmes o f  camera 
co lor  f i l m  obtained from the camera buresighted wi th  the I R  imaging system. 
The cameras were located approximately 1930 ft (588 m) west and 210 ft (64 m) 
north o f  ground zero. The images obtained from t h i s  boresight camera were o f  
much superior qual i ty, showing more d e t a i l  f o r  appreciably longer duration, 
than the corresponding poor contrast  iaages obtained from the near west camera 
located approximately 550 f t  (168 m) west and 100 ft (30.5 m)  north o f  ground 
zero. Puff  growth data f rom t h i s  near west camera are not shown since, where 
re l iab le ,  they merely serve t o  confirm the superior boresight f i l m  data. As 
would be expected the puff image dimensions, again where r e l i a b l e  f o r  t <, 15 
sec a f t e r  the explosion, general ly are a few percent larger  for the nearer ca- 
mera which should be able t o  detect a more dif f i rse concentration o f  smoke 
par t i c les  . 
comparison o f  the infrared puff pictograms w i t h  corresponding v i s i b l e  images 
obtained from motion p ic tu re  f i l m ,  shown i n  Figure 6.24, lead t o  the conclusion 
that  both the spat ia l  extent (height and width) and detectable contrast  per- 
sistance o f  the imaged smoke puff appear t o  be larger  for  the IR pictograms 
than f o r  the camera f i l m  images. The l im i ted  frame size and prqblems w i th  con- 
t r a s t  against the t e r r a i n  background hinder I R  plume detect ion f o r  a short i n -  
terva l  immediately a f t e r  explosion. 

The themovis ion 2-5 m i c r m  -1R scanning camera photographs i n  Figure 6.25 show 
that the ear ly  detonation p u f f  i s  composed o f  two  components. I t  i s  conjectur-  
ed that  the top consists o f  combustion gases. 
rates from the r e s t  o f  the puff and gets dissipated e a r l i e r  than the lower 
p a r t i c l e  cloud. I t  i s  conjectured that  the lower cloud consist; o f  carbon 
f ibers.  
i s  trackable f o r  a longer period of time. The ve r t i ca l  ve loc i t ies  of both 
components are determined and are p lo t ted as a funct ion of time f o r  7-2 secor;ds 
a f t e r  the explosion. 

I t  moves upward faster ,  sepa- 

The f i b e r  cloud, being heavier, moves slower and pers is ts  longer i .e.  

MODERATE SIZE JP-5 F I S E  TESTS 

The data i n  t h i s  subsection covers Test Nos. 9 and 10, each used a 20 f t  by 
20 f t  (6.1 m by 6.1 m) JP-5 pool f i r e  located a t  ground zero on the t e s t  pad. 
In f rared and v i s i b l e  image comparisons, and I R  t racking of barrel  debris and 
hot fragments are presented f o r  Test No. 10 here, because time d i d  not permit 
v i s i b l e  f i l m  data reduction f o r  these ear ly  JP-5 tests.  
section e ' i t i t l ed  "Large S i z e  JP-5  F i r e  Tests" provides extensive f i l m  data f o r  
the 4C ft by 60 f t  (12  rn by 18 m) JP-5 f i r e  tests.  

The fol lowing sub- 

Comparison between the smoke images o f  the JP-5 f i r e  f o r  Test No. 10 obtained 
using the I R  scanning thermovision and v i s i b l e  l i g h t  motion p ic tu re  cameras i s  
shown i n  Figure 6.26. I R  images of the hot f l y i ng  fragments obscured by smoke 
i n  the v i s i b l e  l i g h t  p ictures a r e  produced by suppressing e lec t ron icd l l y  the 
colder smoke background. Due t o  a high set t ing o f  the I R  camera s e n s i t i v i t y  
control ,  the lower halves of  the smoke images are saturated. The d i s t o r t i o n  
caused by saturation i s  accompanied by r ing ing which produced mu! t i p l e  imags.  

The hot f l y i n g  debris o f  the burned h a l f  barrel  i n  the T e s t  No. 10 JP-5 f i r e  
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and f a l l i n g  fragments are displayed i n  Figure 6.27 using the I R  thermovis ion 
2-5 micron wavelength scanning camera w i t h  a f i e l d  o f  view 166 ft (50.6 m) h i g h  
and 153 ft (46.6 m) across. A s i n g l e  v e r t i c a l l y  f a l l i n g  fragment, i n d i c a t e d  by 
an arrow, was tracked f o r  several seconds, and i t s  average f a l l  v e l o c i t y  and 
f a l l  v e l o c i t y  h i s t o r y  w i t h i n  the observat ion t ime i n t e r v a l  were determined. 
This sequence o f  p ic tu res  was obtained approximately one minute a f t e r  the s t a r t  
o f  the f i r e .  The ho t  fragments are v i s i b l e  o n l y  i n  the  i n f r a r e d  and are  
completely obscured by smoke i n  the corresponding v i s i b l e  1 i g h t  mot ion p i c t u r e  
frames. 

A hot  fragment was tracked by the I R  scanning thermovision camera, and i t s  
average v e r t i c a l  and hor izonta l  v e l o c i t i e s  were determined. This fragment was 
located approximately 250 ft (76 m) above the ground and 320 ft (98 m) from 
the f i r e  pool 115 sec a f t e r  the s t a r t  o f  t h e  f i r e .  The corresponding frames o f  
the boresight v i s i b l e  l i g h t  motion p i c t u r e  i n  Figure 6.28 show no t r a c e  o f  t h i s  
fragment. 
marked by a c i r c l e  on the v i s i b l e  photograph. 

Fragment pos i t ion ,  as seen on the  corresponding I R  p ic tu re ,  i s  

LARGE S I Z E  JP-5 FIRE TESTS 

The large JP-5 f i r e  t e s t  data are presented f o r  Test Nos. 11, 12, and 13 i n  t h i s  
subsection. The 40 ft by 60 ft ( 1 2  m by 18 m) f i r e  pool was located south o f  
ground zero j u s t  o f f  the t e s t  pad. Met and photography data i s  displayed f o r  
the time per iod a f t e r  the s t a r t  o f  the f i r e .  

TEST NO. 11 

The near surface wind data i s  shown i n  Figure 6.29 f o r  Test No. 11 f o r  the  
northeast met tower, the only  met tower i n  operat ion f o r  the  l a r g e  JP-5 f i r e  
tes ts .  
Average wind speeds vary from 9.5 t o  11.5 fps (2.9 t o  3.5 mps), wh i le  average 
wind d i r e c t i o n  var ied from 175" t o  195" as measured from t r u e  north,  Thus 
the winds were predominantly souther ly.  

Ambient temperature was found t o  75°F (24°C). The fo l low ing  t a b l e  provides 
s p e c i f i c  values as a func t ion  o f  height:  

Average values f o r  the e n t i r e  ten minute per iod  are a l s o  presented. 

Table 6.5. Ambient Temperature For Test No. 11 

Height Above Temperature 

3 75.3 
18 74.4 
28 73.3 
38 74.2 

Ground ( f t )  ( O F )  

Figure 6.30 shows continuous growth o f  the plume from Test No. 11 taken w i t h  
the f a r  west camera. Cloud dimensions w i l l  be displayed i n  Figure 6.36. The 
plume angle t o  the horizon var ies w i t h  time. The leading edge angle, whic' i s  
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needed f o r  south v i e w  analysis,  was presented i n  Figure 6.1. 
d iv ided i n t o  3 regions which are used when comparisons are  made with LED 
measurements: 

The plume can be 

0 an opaque white cloud a t  the top 
0 a dense b lack smoke reg ion 
0 an o p t i c a l l y  t h i n  smoke reg ion below 

the main plume 

No flame can be seen a t  t h i s  fa r  west d is tance (3550 ft [lo80 m]) from the  
poo 1 center . 
A g r i d  has been overlayed on the photographs t o  p m n i t  easy reading o f  dimen - 
sions d i r e c t l y  frum the photograph, s ince 'tie iniaqe t o  ob jec t  t ra rs fo rmat ion  
fac to r  var ies appreciably across the plume photograpli. Radial l i n e s  are 
separated by 100 ft (30.5 m), w i t h  200 ft (61 m) spacing beyor4 32GO ft (9?0 m) 
from pool center. 
The la rges t  CIOL;~ which i s  attached t o  the pool i s  sh?wn at Z40 sec. F i r e  
burnnut i s  evident a t  270 sec and l a t e r  i n  t i m e .  
i s t i c s  o f  a p u f f  a t  300 and 360 sec. 

Later  t ime f a r  west photograr:h. are d i s r l aJed  i n  Figure 6.31. 

-rhe plume shows character-  

Plume growth i s  exh ib i ted  i n  Figure 6.32 from the f,w sLJ t i l  camera 730 ft 
(222 m )  south o f  the pool center. 
i n  each p ic tu re .  
Maxiclam flame heights w i l l  be presented i n  Figure 6.38. 

The plume osc i l !a tes  about a v e r t i c a l  l i n e  
Flame can be seen i n  the lower p o r t i o n  o f  the p i c tu re .  

Gr id over lays are shown f o r  two leading edge angles. 52" and 66". 
of these angles are j u s t i f i e d  i n  Figure 6.1. For  52 '  r i t d ia l  l i n e s  are 
separated by 100 ft (30.5 m )  s t a r t i n s  w i t h  50 ft (15.2 m ) ,  whi le  500 ft 
( i 5 2  m )  spacing i s  used beyond 2050 f t  (625 m )  from pool center.  
transverse t i c  marks are spaced IC0 ft (30.5 m )  apart ,  w i t h  1000 ft (305 m)  
spacing beyond 2050 ft (625 m) f rom pool center. For 66" r d d i a l  l i n e s  are 
separated by 100 ft (30.5 m) s t a r t i n g  a t  the pool center, whi le  t ransverse 
t i c  narks are a l s o  spaced 100 ft (30.5 m )  apar t .  

Select ion 

F o r  52" 

Later  t ime f a r  south photographs are presented i n  Figure 6.33. 
s i n i l a r  f o r  240 and 270 S Y .  Evidence o f  flame burnout i s  seen a t  300 sec ?.nL 
beyoid. The p u f f  character i s  depicted a t  300 sec. 

Piumes- are very 

The near south camera was located 360 ft (110 m )  South o f  the pool center.  The 
f l a w  i s  r e a d i l y  seen i n  Figure 6.34. 
two leading edge angles as i n  the f a r  south f igures,  52" and 66". Radial ' t ines 
and transverse t i c  marks are separated by 10 f t  (3  m ) .  

Gr id  over lays are shown f o r  the same 

Figure 6.35 shows l a t e r  t ime photographs from the near south camera. 
b u r n w t  appears t o  be j u s t  beginning a t  270 sec. 
ning out a t  300 sec and i s  very t h i n  a t  360 sec. 
numerous vu-gr ?hs conta in ing b r i d a l  v e i l  f o r  catching p a r t i c u l a t e  m a t t e r  i s  
r e a d i l y  seen i n  these photographs. 

P o c l  f i r e  
The plume i s  o p t i c a l l y  t h i n -  
The Jacob's ladder w i t h  
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Plume heights and hor izon ta l  distances are displayed as a funct ion o f  time a f t e r  
s t a r t  o f  f i r e  i n  Figure 6.36. For plume heights  the maximum height  and maximum 
height along dense smoke cen te r l i ne  are  presented. The l a s t  2 cen te r l i ne  po in ts  
represent an uncer ta in ty  i n  de f i n ing  the center l ine .  . The maximum he igh t  l e v e l s  
off at. about 3000 ft (1000 m). 

For hor izon ta l  d is tance the  maximum distance, neg lec t ing  the o p t i c a l l y  t h i n  
smoke region, and d is tance corresponding t o  the maximum he igh t  along the dense 
smoke cen te r l i ne  are  shown. The la rges t  hor izon ta l  d is tance goes ou t  t o  
approximately 3300 ft (1100 m) from the pool center. 

Flame speeds f o r  Test No. 11 are depicted i n  Figure 6.37. Only a few flame 
speed data po in ts  were taken from the near west view. The v e r t i c a l  component 
o f  v e l o c i t y  averages 25 fps (7.6 mps). Considerably more data was taken from 
the near south view, wi th an average v e r t i c a l  component o f  31 fps (9.5 mps). 
These two values compare q u i t e  wel l .  

Yaximum flame heights were observed a t  the south per iphery o f  the  plume when 
no t  o b l i t e r a t e d  by smoke and are p l o i t e d  i n  F igure 6.38. Flame he igh t  i n -  
creases w i t h  time from s t a r t  o f  f i r e ,  with the  cent ra l  band vary ing from 70 t o  
115 f t  (21 t o  35 m) abolrz the pool center. A f te r  burnout begins, maximum 
heights drop t o  about 20 f t  (6.1 m) approximately 300 sec a f t e r  s t a r t  o f  f i r e .  

Figure 6.39 compares the v e r t i c a l  component o f  v e l o c i t y  f o r  smoke p u f f s  as seen 
from three views. The near west view y i e l d s  an average value o f  15 i p s  
(4.6 mps). Only a few data po in ts  were taken from the near south view, which 
resu l ted  i n  an average value o f  32 fps  (9.8 mps). Numerous data po in ts  from 
the f a r  so!l+h view produced an-average v e r t i c a l  v e l o c i t y  component o f  43 fps 
(13 mps). ;-IUS considerable v a r i a t i o n  i n  smoke speed can be observed, de- 
pending on camera view. 
Figure 6.40, together w i t h  a p l o t  o f  smoke speed versus height  a t  which the 
speed was measured. Any ana ly t i ca l  f i t  t o  th is  height  p r o f i l e  would be q u i t e  
a rb i t ra ry .  

The f a r  south smoke speed i s  a lso  displayed i n  

When viewed f r c m  the south, smoke pu f f s  are observed t o  r o t a t e  about an ax i s  t o  
the east, as sketched i n  Figure 6.41. 
i n c l i n e d  downward 20 t o  30 degrees o r  d i rec ted  t o  the south. 
r o t a t i o n  i s  shown t o  average about 1.25 sec w i t h  va r ia t i ons  o f  a fac to r -  o f  2. 

I n  some instances the ax i s  i s  e i t h e r  
The per iod f o r  

A p l o t  o f  vortex center he ight  versus vortex ou te r  speed on the per iphery 
the smoke p u f f  shows a d e f i n i t e  t rend. Outer speed increases w i t h  he igh t  
w i th  values ca lcu lated t o  be as high as 600 fps (183 mps). 

I R  imagery was u?ed t o  t rack  four  h o r i z o n t a l l y  moving fragments as summar 
i n  Figure 6.42. The average hor izon ta l  v e l o c i t i e s  va ry  from 6 t o  15 fps 
( 2  t o  4.5 rnps). 

TEST KO. 12 

o f  

zed 

Near surface wind data f o r  Test No. 12 i s  d isplayed i n  Figure 6.43 f o r  the 
northeast met torJer. Average wind speeds over the 10 minute per iod a f t e r  s t a r t  
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o f  f i r e  vary from IG t o  12 fps (3  t o  3.7 mps). Note t h a t  the speed i s  below 
10 fps (3  mps) u n t i l  7 minutes a f t e r  f i r e  s t a r t ,  knere i t  jumps t o  over 15 fps  
(4.6 mps) f o r  the  emainder o f  the 10 minute period. Average wind d i r e c t i o n  
var ied from 195' t o  229" as measured from t r u e  nor th ,  with d i r e c t i o n  changing 
by about 120" over the 10 minute period. 

Ambient temperature was measured a t  8loF(27"C). 
heights are as fo l lows:  

Spec i f i c  values f o r  several  

Table 6.6.  An.bient Temperature For Test No. 12 

Height At-ve 
Ground ( f i )  

3 
18 
28 
38 

Temperature 

81 - 9  
80.7 
80.4 
80.2 

(OF) 

Maximum plune heights are displayed i n  F igure 6.44 as a func t i on  o f  t ime a f t e r  
s t a r t  o f  f i r e ;  both observable absolute maximm heights  and maximum heights  
along the dense smoke cen te r l i ne  are  presented. 
i n i t i a l l y  observed smoke plume 2nd for  a p o r t i o n  o f  t he  plume which "breaks 
th rmgn"  the i n i t i a l  plunie and r i s e s  above it. A f t e r  100 sec on ly  the "break- 
through" plume i s  observed. For the l a s t  th ree  times shown, the  plume peaked 
above the camera view frafie, and co inc id ing  estimates o f  these two types o f  
plume maxima are presented; These est imates should be reasonably v a l i d  w i t h i n  
the e r r o r  bars shown. It i s  seen t h a t  the estimated maximum plume heights  f o r  
t z 3 4 0  sec is o f  the order o f  4400 ft (I340 m ) .  

Results a re  shown f o r  the  

The essent ia l  l y  northward hor izon ta l  displacements from ground zero o f  the  
maximum plume heights d re  p l o t t e d  i n  Figure 6.45 as a func t ion  o f  time. 
hor izon ta l  displacements of  both the absolute plume maxima and o f  the (h ighes t )  
end po in t  along the dense plume ccn te r l i ne  are  shown f o r  both the e a r l y  plume 
and "breakthrough" plume described above. The p l o t t e d  data were reduced from 
p i c t o r i a l  in format ion obtained from the f a r  west camera by the  same- procedure 
as t h a t  used t o  ob ta in  the corresponding maximum v e r t i c a l  heights.  The l a s t  
three time po in ts  shown again are ex t rapo la t ions  w i t h  wide e r r o r  bars, s ince 
the actual  pluriie maxima were imaged above the view camera frame. For the l a t e r  
times the growing plume a lso was propagated h o r i z o n t a l l y  appreciably ou ts ide  
o f  the view frame. 

The 

Figure 6.45 p l o t s  some observed flame heights and corresponding c i l c u l a t e d  
v e r t i c a i  flame v e l o c i t i e s  for  Test No. 12. The flame p u f f s  selected f o r  
observat ion were r e s t r i c t e d  t o  those which were most c l e a r l y  d i s t i ngu ishab le  
from smoke obscuration and 
time in te rva l s .  

2presrllced c h a r a c t e r i s t i c  he ight  maxima f o r  t h e i r  

IR data f o r  Test No. 12 
. f o r  t h i s  p a r t i c u l a r  t es t .  

- f .  presented here because o f  poor qual  i t y  imaqes 
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TEST NO. 13 

Near surface wind data f o r  Test No. 13 i s  shown i n  F igure 6.47 f o r  the no r th -  
east met tower. Average wind soeeds vary from 11.5 t o  13 fps (3.5 t o  4 mps). 
The speed genera l ly  decreased w i t h  time a f t e r  s t a r t  o f  f i r e ,  except f o r  a 
gust ing per iod  from 5 t o  7 minutes a f t e r  f i r e  s t a r t .  Average wind d i r e c t i o n  
var ied from 155" t o  175" as measured from t r u e  nor th ,  i n d i c a t i n g  the winds 
were predominantly souther ly  (blowing from south t o  no r th ) .  

Ambient temperatures were found t o  be 70°F (21°C). 
presents s p e c i f i c  values as a func t ion  o f  he ight :  

The fo l l ow ing  t a b l e  

Table 6.7. Ambient Temperature For Test No. 13 

Height Above 
Ground ( f t )  

3 
18 
28 
38 

Temperature 

71.5 
70.2 
70 
69.8 

( " 0  

Reduced data l o r  plume heights and hor izon ta l  d istances from the center o f  the 
f i r e  pool a r t  d isplayed i n  F 
f i r e .  For plume heights the 
height  along the dense smoke 
plume and tht? f a r  end o f  the 
a f t e r  appr? imate ly  200 sec. 
hor izonta l  displacement from 
l y  2500 ft (760 m), and s t i l  

gure 6.48 as a func t i on  o f  t ime a f t e r  s t a r t  o f  
ove ra l l  maximum height  .and a lso the maximum 
cen te r l i ne  are presented. Both the top o f  the 
cen te r l i ne  p r o j e c t  ou t  o f  the camera image frame 
By 210 sec both the plume height  maxima and i t s  

the f i r e  pool ceTter a re  c rea ter  than approximate- 
r i s i n g  and receding. The hor izon ta l  d isp lacments  

p l o t t e d  i n  the f i g u r e  correspond t o - t h e  pos i t i ons  o f  the o v e r a l l  plume maxima, 
neglect ing some tenuous o p t i c a l l y  t h i n  smoke regions, and t o  the  pos i t i ons  o f  
maximum height  along the dense smoke center1 ine. 

The pedk flame heights -ecorded i n  Figure 6.48 were determined from near south 
camera images. The t q  of the camera view frame i s  i n te rp re ted  t o  l - i e  between 
109 and 114 ft (33 t o  35 in) high. Several o f  the flame pulses observed i n  the  
time i n t e r v a l  between 100 and 320 sec a f t e r  f i r e  pool i g n i t i o n  were observed 
t o  r i s e  through the top o f  the view frame. 
on ly  t r a n s i e n t l y  v i s i b l e ,  s ince they tend t o  De obscured by opaque black smoke 
dur ing most o f  t h e i r  r i s e  and drcay. The f i g u r e  p l o t s  he ight  maxima f o r  se- 
lec ted  f l a m e  pulses which were judged both t o  be f a i r l y  c h a r a c t e r i s t i c  o f  upper 
bounds f o r  t h e i r  occurrence t i m e  i n t e r v a l  and t o  be non-obscured by smoke dur ing 
the peak o f  t h e i r  r i s e .  

Most o f  the observed flames are 

Figure 6.50 p l o t s  v e r t i c a l  flame r i s e  v e l o c i t i e s  f o r  the observed flame pulses 
presented i n  Figure 6.49. The po in ts  on ( o r  very n e a i l y  on) the same v e r t i c a l  
genera l ly  carrespond t o  the v e l o c i t y  decay o f  the same r i s i n g  flame pulse. 
Wit1 ; ' ,ET  tine scale, the v e l o c i t i e s  o f  such a flame pulse would be seen t o  
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decrease, w i t h  increas ing time, as the  pulse r i s e s .  It can be seen t h a t  peak 
flame v e l o c i t i e s  exceeding 160 fps (49 mps) were observed between 220 and 330 
sec a f t e r  f i r e  pool i g n i t i o n .  

Composite mater ia l  fragments lo f ted  by ho t  combustion gases and a i r  dur ing Test 
No. 13 were imaged by the 1R scanning camera i n  the  2-5 micron wavelength band 
as shown i n  Figure 6.51. The t ime o f  occurrence i s  g iven  i n  seconds a f t e r  t h e  
s t a r t  o f  the f i r e .  
100 sec a f t e r  the s t a r t .  The t b t a l  burn dura t ion  was approximately 360 sec. 

The f i r s t  p a r t i c l e  image appears on the screen approximately 

I R  thermograph p a r t i c l e  t rack ing  i n  the JP-5 pool f i r e  plume f o r  Test No. 13 i s  
shown i n  Figure 6.52. 
i n  an ent ra ined a i r  volume, i s  i d e n t i f i e d  by an arrow i n  each o f  the successive 
frames, The t a b l e  i n s e t  i n  Figure 6.53 shows the times and v e l o c i t i e s  measured 
i n  the smoke plume f o r  a p a r t i c l e  moving from A t o  A ' .  The p a r t i c l e  presumably 
was trapped i n  an entrained a i r  volume. 
of t l ie I R  scanning camera from the p a r t i c l e  being tracked, and the  op t ics  o f  the 
camera which determines the f i e l d  o f  view. 
frames and the distances between A and A '  i n  these frames y i e l d  the p a r t i c l e  
vel oc i ty  . 

The p a r t f c l e  being tracked, which presumably i s  trapped 

The drawing i n s e t  shows the  d is tance 

The t ime between p a i r s  o f  selected 

The fragment o f  a cockpi t  l o f t e d  by hot  gases i s  t racked f o r  3.5 sec by the  IR 
scanninc camera w i t h  r e s u l t s  summarized i n  Figure 6.54. 
v e l o c i t y  has two components, the v e r t i c a l  due t o  f r e e  f a l l  and the  hor izon ta l  
due t o  wind drag. Average values are shown i n  the f i g u r e .  

The fragment's 
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7. RESULTS AND ANALYSES 

The r e s u l t s  and analyses are described i n  t h i s  sec t ion  as fo l lows:  

0 passive gages 
0 labora tory  t e s t s  
0 meteorological  gages 
0 cameras 
0 a c t i v e  gages 
0 cross-comparison o f  data from 

d i f f e r e n t  measurement systems 

There have been several innovat ions introduced i n  the  conduct o f  these exper i -  
ments. 

passive gacje analys is  has been extended from consider ing just 
the counts of s i n g l e  carbon f ibers ,  t o  the  counts of m u l t i p l e  
and c lus te rs  o f  carbon f i b e r s  as w e l l  as l i n t  and s t r i p  p a r t i -  
cula te. 

0 passive gage analys is  has been extended t o  consider ing changes 
i n  f i b e r  diameter. 

0 a c t i v e  gages have been introduced t o  supplement t h e  passive 
gages t o  gain an add i t iona l  " t ime" dimension t o  t h e  acquired 
data. 

0 passive and a c t i v e  gages were arranged t o  sample t h e  f i b e r  
c loud passing above the ground based gages. 

PASSIVE GAGES 

The passive gages data displayed i n  Section 4 descr ibe the carbon f i b e r  release 
charac ter is t i cs .  This sub-section discusses the s i x  key c h a r a c t e r i s t i c s .  

0 Number Deposit ion 
0 Size D i s t r i b u t i o n  

0 Mass Deposit ion 
0 R a t i o  o f  Single Fibers Mass t o  I n i t i a l  Mass 
0 Footpr in t  
0 F iber  Diameter Reduction 

NUMBER D E P O S I T I O N  

The number o f  s i n q l e  carbon f i b e r s  and m u l t i p l e  carbon f i b e r s  deposited per  u n i t  
area on hor izon ta l  stick.y paper and on v e r t i c a l  s t i c k y  b r i d a l  v e i l ,  i s  g iven as 
a funct ion of range, azimuth and height  i n  the f igures  o f  the  fo l low inq  tab le :  
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P l a t e  

0 azimuth 

11.2 b a r r e l  p r i o r  t o  explode weighed as much as the  p l a t e  j u s t  p r i o r  t o  explode. 
And about 360 p a r t i c l e s  per  square f o o t  were deposi ted from the  b a r r e l  t e s t  i n  
the  range o f  60 t o  200 ft, about the  same that  was deposi ted i n  the  p l a t e  t e s t .  

Ba r re l  spo i l e r  Cockpi t  A 

22,27 31,32 47,48,49 
22,27 31,32 47,48,49 
24 33 , 45 51,53,54 

The s p o i l e r  t e s t  used 5.8 pounds o f  carbon f i b e r s  i n i t i a l l y ,  compared t o  t h e  
1.29 pounds o f  carbon f i b e r  o f  the p l a t e  o r  o f  the  1.28 pounds o f  carbon f i b e r  of  
the burned bar re l .  
range o f  144 t o  200 ft f o r  the burn-only t e s t .  
o f  carbon f i b e r ,  t h i s  s p o i l e r  deposi t ion compared t o  the  p l a t e  o r  bar re l  deposi- 
t i o n  represents two orders o f  magnitude reduc t ion  and i s  p r i m a r i l y  a t t r i b i u t e d  t o  
the f i r e  plume l o f t i n g  o f  t he  f i b e r s  t o  greater  ranges, reducing the  dep s i t i o n .  

deposi t ion s p o i l e r  t o  p la te '  i s  0.0088. 

Yet on l y  14 p a r t i c l e s  per square f o o t  were co l l ec ted  i n  the  
On the  basis o f  per u n i t  weight 

For example: p l a t e  deposi t ion per u n i t  weight i s  351/ .29 = 272 ft' 2 0  l b '  . 
Spo i le r  deposi t ion per u n i t  weight i s  14/5.8 = 2.4 ft' 1 l b - l .  Hence r a t i o  o f  

The cockp i t  t e s t  used 35.7 pounds of carbon f i b e r s  and deposi ted 40 p a r t i c l e s  
per square f o o t  i n  the  range of 144 t o  200 ft f o r  the  burn-only t e s t .  
p i t  burn-only represents about the same deposi t ion as the  s p o i l e r  burn-only 
deposi t ion on a per i n i t i a l  pound basis o f  carbon f i b e r s .  

The cock- 

PREDICTIONS OF CRITICAL EXPOSURE LEVELS BASED ON DEPOSITION DATA 

The s ign i f i cance o f  these numerical r e s u l t s  can be r e l a t e d  t o  two separate con- 
cepts o f  c r i t i c a l  f a i l u r e  environments (1 )  exposure and ( 2 )  deposi t ion.  
exposure obtained by burn/explode o f  p la tes  and/or ba r re l s  i n  the  range t o  200 
ft i s  ca lcu la ted  f r o m  

The 

E =  D/A 

where t h e  deposi t ion o f  s i n g l e  f i b e r s  per u n i t  are3 ( ? / A )  i n  Test 8 (F igure 7.1) 
i s  

f i b e r s  

D'A = 0*987 p a r t i c l e s  1.28 l b  i n i t i a l  carbon f i b e r  cm2/1 b 

2 
0.293 - single  f i b e r s  0.38 par t i c les /cm 
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and the deposition velocity Of single fibers ( V )  i s  assumed equal t o  or  less 
t h a n  the set t l ing velocity of single fibers 

V 5 3 cm/sec 

Hence the exposure within 200 f t  range of the bwn/explode of a pound of barrel 
i s  

f-sec 5 f-sec 
cm 

E 1 0.1 - = 10 --zj-- 

m 3 

Eighty percent of the single fibe s are  i n  the 1-3 mm lengths (Figure 7 .1)  so 
t h a t  exposures of  the order of 10 E; - f-Sec would be needed t o  fa i l  equipment sus- 
ceptible t o  carbon fibers. B u t  twehy percent of the fibers a te  i n  the range 
of 3-20 mm i n  lengih which woulq resul t  in an available 2 x 10 fiber/sec/m 
exposwe, where 10 fiber/sec/m is  the cr i t ica l  threshold for the onset of 
equipment failure for 6 mn long fibers. An increase i n  the source weight of 
1 pound t g  ;OO pounds would raise the available 3-20 mm long  f ibers t o  2 x loo 
fiber-sec/m where i t  i s  l ikely that susceptible equipment will f a i l .  

3 

The cr i t ica l  exposure for  the burned and exploded plates i s  reduced by an order 
o f  magnitude from the burr.ed and exploded barrel because only nine percent o f  
tbe total number of particles.detected (or counted) were single fibers rather 
t h a n  98.7 percent detected i n  the case of the barrel (see Figure 7 . l ) . *  Thus 
ten pounds of  burned and exploded plate would be required t o  produce 2 x lo4 
fiber-seconds per cubic meter a t  u p  t o  200 f t  range, t o  induce inci l  e n t  fa i lure  
i n  susceptible equipment; and  1000 pounds for 2 x lo6 fiber-seconds per cubic  
meter for likely failure o f  susceptible equipment. 

The calculation for  c r i t i ca l  exposure for the spoiler and cockpit burns will use 
tw;, orders of  magnitude less  deposition of particles per unit area per pound of 
in i t ia l  carbon fiber mass, as compared t o  the barrel. The produce of ( 1 )  percent 
o f  single fibers compared to total mass and  of ( 2 )  percent of 3-20 mm -long fibers 
compared t o  a l l  particles i s  about the same for a l l  three cases (Figure 7 . 1 ) .  

* An element o f  caution should accompany any interpretation of the d a t a  from 
the barrel t e s t ,  since t h e  barrel used in t e s t  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 t o  be released as 
single fibers,  rather than as c lusters ,  clumps, or fragments. 
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Thus, 100 pounds o f  a burning s p o i l e r  and a burning cockp i t  will  r e s u l t  i n  i n c i p -  
i e n t  f a i l u r e  of  suscept ib le  equipment placed w i t h i n  200 ft of t h e  f i r e  plume; and 
10,000 pounds f o r  more l i k e l y  f a i l u r e .  
JP-5 f i r e  plume made the  s i n g l e  f i b e r  environment benign a t  t h e  c lose- in  range. 
The r a t h e r  h igh updra f t  leads t o  f a l l o u t  a t  the f a r  range. However, some f a l l -  
out  from the r i s i n g  plume due.to l a r g e  turbulence r e s u l t s  i n  depos i t ion  w i t h i n  
the shor t  range. Although this, f a l l o u t  i s  o n l y  a f r a c t i o n  o f  t h e  t o t a l  mass o f  
f ibers  released, i t  i s  deposited over a r e l a t i v e l y  small area because o f  i t s  
p rox imi ty  t o  the  source. Therefore, the  depositon dens i ty  can be s i g n i f i c a n t l y  
higher . 

Thus t h e  l o f t i n g  o f  t h e  f i b e r s  by t h e  

- 
Structure Burn Explode 

S m a l l  Large 
P 1 llme P1 ume 

Pla te  0 0 

Garrel 0 0 

Spoi l c r  e 

Cockpit 0 

Required 
Weight 

( pounds ) 
1,000 

100 

10,000 
10,000 

Figure 7.2. I n i t i a  

a t  200 

We 
fC, . 

6 f i ber-seconds ghts Required t o  Achieve 10 Cubic-meter 
range, w i t h  s i n g l e  f i b e r s  3-20 mm long.  

Figure 7.2. shows t h a t  the s m a l l  plume from the burn and explode t e s t s  r e s u l t e d  
i n  a requirement for  small weight o f  carbon f i b e r  composite mater ia l  t o  achieve 
c r i t i c a l  exposures a t  c lose- in  ranges. The l a r g e  buoyant f i r e  plume r e s u l t s  i n  
excessive requirements f o r  i n i t i a l  weight of  carbon f i b e r  t o  achieve and e l e c i r i -  
ca l  hazard p o t e n t i a l  a t  c l o s e - i n  ranges (200 f e e t ) .  
impossible t o  p r e d i c t  the  amount o f  carbon composite which would have t o  be 
burned t o  reach c r i t i c a l  exposure l e v e l s  a t  longer distances, based on the  r e s u l t s  
o f  the t e s t s  i n  t h i s  r e p o r t .  

Note t h a t  the v e r t i c a l l y  o r ien ted  tuna cdns and b r i d a l  v e i l  c o l l e c t o r s  caught 
between 3- t o  10-times the f i b e r s  caught by the hor izon ta l  c o l l e c t o r s .  
v e r t i c a l l y  o r ien ted  c o l l e c t o r s  are more r e l a t e d  t o  the  l o c a l  wind v e l o c i t y  t o  
ob ta in  exposure, wh i le  the h o r i z o n t a l l y  o r ien ted  c o l l e c t o r s  are more r e l a t e d  
t o  the  f i b e r  deposi t ion ve:ocity. Thus a given f i b e r  c loud exposure w i l l  de- 
p o s i t ,  a t  150 cm/sec wind v e l o c i t y ,  50 times more f i b e r s  on the  v e r t i c a l  than 
on the hor izon ta l  c o l l e c t o r  when the s e t t l i n g  v e l o c i t y  o f  the  f i b e r  i s  3 cm/sec. 

i t  i s  d i f f i c u l t  or n e a r l y  

The 
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A t  t h i s  time, c r i t e r i a  f o r  c r i t i c a l  deposi t ions have n o t  been es tab l i shed f o r  
generic classes o f  equipment. Thus t h e  s ign i f icance of  t h e  measured deposi t ions 
w i l l  n o t  be discussed. Although i t  has been conjectured t h a t  f o u r  f i b e r s ,  6-cm 
long, would be requ i red  i n  a one square cent imeter area o f  suscept ib le  equip- 
ment f o r  the  onset o f  f a i l u r e ,  more t e s t s  are requ i red  t o  v e r i f y  t h i s  threshold.  

' 0 length i n t e r v a l  

0 diameter i n t e r v a l  

SIZE DISTRIBUTION 

P l a t e  Bar re l  S p o i l e r  Cockpit- - 
9,10,16,65, 21,25,66, 35,42,66, 52,55,62, 
71 71 71 66,71 
9,10,14,16, 29,67 42,67 52,56,62, 
67 67 1 

The number of s i n g l e  f i b e r s  and t h e  number o f  m u l t i p l e  f i b e r s  on a given s t i c k y  
paper, i s  given as a funct ion of leng th  i n t e r v a l  and diameter i n t e r v a l  as 
f o l  1 ows : 

Figure Nurbers i n  Sect ion 4 

The greatest  number of f i b e r s  released were i n  the  1-2 mm l eng th  i n t e r v a l ,  and 
were e i t h e r  s i n g l e  f ibers  o r  a p l y  t h i c k .  Bug these do n o t  represent a t h r e a t  
because of the extremely h igh  exposures ( >  10 f iber/seconds per  cubic  meter) re-  
qu i red  before any suscept ib le  equirTent would f a i l .  

However, i t  i s  important t o  note t h a t  the s i n g l e  f i b e r s  represent between 10 and 
95 percent o f  a1 1 p a r t i c l e s  deposited (a1 though they represent extremely low 
f r a c t i o n  o f  the f i b e r  mass) between 17 and 50 percent o f  these f i b e r s  are i n  t h e  
e l e c t r i c a l l y  s i g n i f i c a n t  range o f  3 t 20 mm i n  length.  These f i b e r s  can induce 

such l a r g e  l e t h a l  r a d i i  as 200 f t  from burn/explode sources us ing 100 pounds o f  
carbon f i b e r  i n i t i a l  weight. There i s  a r e s t r i c t i o n  t h a t  the  source be a plume 
no higher than 100 ft. It i s  l i k e l y  t h a t  these equipment f a i l u r e s  do no t  take  
i n t o  considerat ion cont r ibu t ions  o f  o ther  f i b e r  species ( l i n t ,  clumps, s t r i p s ,  
e tc . )  t o  the f a i l u r e  o f  e l e c t r i c a l  equipment such as outdoor power systems. 

equipment f a i l u r e s  a t  exposures o f  10 B t o  l o 6  f i b e r  seconds per cubic meter over 

Figure 7.3 shows t h a t  the burn and explode t e s t s  o f  p la tes  r e s u l t e d  p r i m a r i l y  i n  
clumps. 
600 ft undergriund f o r  the burn and explode p l a t e  t e s t s .  
possible t h a t  s i n g l e  f i b e r s  which were released could have been l o f t e d  and t rans-  
ported beyond the passive instrumentat ion.  

I t should be pointed out  t h a t  passive inst rumentat ion o n l y  went out t o  
Therefore, i t  i s  
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The ho t  propane burner d i d  generate s ing les  and c l u s t e r s  i n  the  burn/explode o f  
ba r re l  A w h i l e  the  JP-5 pool f i r e  of b a r r e l  B d i d  n o t  permi t  depos i t ion  o f  s ig -  
n i f i c a n t  numbers o f  s ing le  f i b e r s  b u t  d i d  deposi t  l a r g e  s t r i p s  i n  the  burn/ex- 
plode tes ts .  This appears t o  be more a func t ion  o f  t he  s i z e  o f  plume and i t s  
f a s t  r i s e  ve loc i t y ,  as w e l l  as the sho r t  dura t ion  o f  heat ing a f t e r  delamination. 

The burn-only o f  the a i r c r a f t  s p o i l e r  resu l ted  i n  s ing les  and s t r i p s ;  wh i l e  the  
burn/explode o f  the s p o i l e r  resu l ted  most ly i n  s ing les  as a r e s u l t  o f  the  
shat te r ing  e f f e c t s  o f  the exp lo i ion .  

The burn-only o f  the cockp i t  resu l ted  i n  l i n t  and s t r i p s .  

There i s  no doubt t h a t  the format ion and d ispers ion o f  l a r g e  numbers o f  c l u s t e r s  
o f  f i b e r s  (as i n  the bar re l  burn) and the  generat ion and t ranspor t  o f  long s t r i p s  
of f ibrous residue (from the  s p o i l e r  t e s t )  as shown i n  Figure 7.3 created a riew 
awareness o f  types o f  carbon f i b e r  mater ia ls  o ther  than s ing le  f i be rs  which 
could, under e n t i r e l y  imaginable s iu ta t i ons ,  represent th rea ts  t o  outdcor e l  ec- 
t r i c a l  equipment. 

MASS DEPOSITION 

The mass o f  s ing le  carbon f i b e r s  and m u l t i p l e  carbon f i b e r s  deposi ted per  u n i t  
area on hor izon ta l  s t i c k y  paper and on v e r t i c a l  s t i c k y  b r i d a l  v e i l  was n o t  d i s -  
played as a func t ion  o f  range azimuth and height  i n  Sect ion 4.  

However, Figure 7.4 shows the  mass per u n i t  area o f  deposi ted p a r t i c l e s  as a 
func t ion  o f  range f o r  a l l  t es ts  along the  d i r e c t i o n  .o f  peak deposi t ion.  The 
extreme sca t te r  and precip.itous decay w i t h  range descr ibe t h i s  f i gu re .  The por-  
t i o n  o f  the  f i b e r  c loud that' w i l l  deposi t  on the ground achieves t h i s  depos i t ion  
w i t h i n  200 ft, and therea f te r ,  the c loud becomes airborne. 
w i t h  t h e i r  low a l t i t u d e  plumes, resu l ted  i n  a deposi t ion i nve rse l y  p ropor t iona l  
t o  range ra ised t o  the 1.5 power. 

The s p o i l e r  and cockp i t  deposi t ions from t h e i r  3000 ft h igh  plume, a t  ranges 
c loser  than 300 ft, were random and spread over f i v e  orders o f  magnitude. 

The p l a t e  tes ts ,  

The mass per u n i t  area deposited i s  a v i t a l  parameter i n  t h a t  i t  tends t o  re -  
f l e c t  the con t r i bu t i on  o f  the longer and more e l e c t r i c a l l y  hazardous- f i b e r s .  
Thus a f i b e r  which has a mass o f  0.5 pgm per cent imeter length, and has an 
average length o f  0.4 centimeters, w i l 3  have an average mass o f  0.2 pgm per 
f i p e r .  A t  10 ft range, the 800 pgm/cm 2deposi t ion represents 800 x 0.2 f i b e r s /  
cm2; and a t  200 f t  range, the 10 pgm/cm deposi t ion represents 10 x 0.2 f i b e r s /  
cm . 
Figure 7.5 shows t h e  deposi t ion on v e r t i c a l  co l l ec to rs .  
holders up t o  30 ft high, wh i l e  the Jacobs Ladder was up t o  90 f t  high. 
show t h a t  the v e r t i c a l  and hor izon ta l  c o l l e c t o r  data are consis tent .  I n  theory,  
tho v e r t i c a l  c o l l e c t i o n  t o  hor izon ta l  c o l l e c t i o n  f a c t o r  i s  given by the r a t i o  
hor izon ta l  wir,d v e l o c i t y  t o  s e t t l i n g  ve loc i t y ,  i . e .  150 cm/sec t o  3 cm/sec o r  a 
f a c t o r  o f  50. 
fac to r  o f  50. 

The tuna cans were on 
These 

But the four  orders o f  magnitude spread o f  deposi t ion hides the  
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Figure 7 . 4 .  Deposition o f  Par t ic les  on Sticky Paper 
as a Function o f  Range 
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Figure 7.5. Deposit ion of P a r t i c l e s  on S t i cky  
B r i d a l  V e i l  as a Function o f  Range 
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RATIO OF SINGLE FIBERS MASS TO INITIAL MASS 

‘ ? l a t e  Barbel Spo i le r  Cockpit 

18,19,72 28,72 44 ,72 64 ,72 

The r a t i o  o f  the  mess o f  carbon f ibers  released as s i n g l e  f ibers  t o  the  mass o f  
the i n i t i a l  r e s i n  and carbon f i b e r  i s  given as a func t i on  o f  each burn/explode 
t e s t  as fo l lows:  

Figure 4-72 shows the mass r a t i o s  t o  be o f  the order o f  0.02%, no mat ter  which 
t e s t  i s  considered. However, there is more cc 8 ’idence i n  t h i s  r a t i o  f o r  the  
f l a t  p la tes  where much of the released mass was sampled. 

This small r a t i o  i s  p a r t i c u l a r l y  “ i g n i f i c a n t  f o r  r i s k  analyses, i n  t h a t  t h e  on ly  
rea l  t h r e a t  t o  e l e c t r i c a l  equipment may occur on ly  i n  the  c lose- in  areas adja- 
cent t o  the source and a l l  fa r -ou t  regions w i l l  rece ive on ly  small q u a n t i t i e s  o f  
f i b e r s  d i l u t e d  over great  volumes. 
(more than 50 fee t  i n  diameter) the c lose- in  areas are more d i l u t e  because o f  
the strong updraf t .  

For extremely l a r g e  diameter pool f i r e s  

FOOTPRINT 

The f o o t p r i n t  o f  the f i b e r  deposi t ion i s  given as a func t i on  o f  range and a z i -  
muth as fo l lows: 

Figure Numbers i n  Sect ion 4 - 
Bar re l  I Spoi le r  I 

I 1 

FIBER DIAMETER REDUCTION 

The comparison o f  the pre- tes t  and pos t - tes t  carbon f i b e r  diameter i s  as fo l l ows :  

Fiqure Numbers i n  Sect ion 4 

P la te  Bar re l  1 Spoi le r  I Cockpit 
1 I 
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The f ibers  imbedded i n  a 40-ply s t r u c t u r e  o f  t h e  p l a t e  d i d  n o t  experience t h e  
ox ida t i on  t h a t  those incorporated i n  t h e  t h i n  p l y  s t ruc tu res  o f  t ! te  bar re l ,  
spo i le rs  and cockpi t .  The l a t t e r  t h ree  s t ruc tu res  had t h e i r  f i b e r s  experience a 
30 percent decrease i n  diameter on t h e  average. 

It i s  important t o  note t h a t  there were considerable numbers o f  f i b e r s  i n  t h e  1 
and 2 micron diameter range from t h e  b a r r e l  burn which approach t h e  s i z e  of f i b e r  
t h a t  should be invest igated f o r  pOssible heal th  r i s k s .  

LABORATORY TESTS 

The laboratory  t e s t s  i n d i c a t e  two important trends. 
w i t h  s u f f i c i e n t  r a p i d i t y  a t  2000° F temperatures t h a t  even a few minutes expo- 
sure w i l l  cause measurable mass l o s s  due t o  ox idet ion.  
the r e s i n  acts  as a ca ta lys t ,  so t h a t  even lower temperatures lead t o  t h e  same 
mass loss i n  a few minutes. 

For carbon f i b e r  composite s t ruc tu res  having j u s t  a few p;y, i n  ttte midst  o f  a 
burn env i roment  where there i s  s u f f i c i e n t  l o c a l  oxygen avai lab le,  t h e  p o s s i b i l -  
i t y  of mass loss  t o  carbon f i b e r  o x i d a t i o n  must be considered as a mechanism f o r  
accounting f o r  mass loss. 
a i r c r a f t  crash r i s k  analys is  scenarios. 
considered i n  the  design o f  e f f i c i e n t  inc inera tors  for  disposal o f  f u t b r e  carbon 
f i b e r  waste mater ia l .  

F i r s t ,  carbon f i b e r s  r e a c t  

Secmd, t h e  presence o f  

This  i s  a f a c t o r  n o t  present ly  being considered i n  
It c e r t a i n l y  i s  a f a c t o r  t h a t  must be 

It i s  worthwhile consider ing the  i n t roduc t i on  o f  those elements i n  t h e  r e s i n  
t h a t  catalyze t h e  carbon f i b e r  r e a c t i o n  t o  f a c i l i t a t e . m a s s  loss. This  w i l l  re- 
duce the  carbon f i b e r  re lease- f rom accidental  a i r c r a f t  crash f i r e s  and from in- 
c i  nerator  smoke stacks. 

Archibald 08 AFML 61978 12’ gerfo”&d isothensal  weight loss  t e s t s  o f  carbon f i b e r s  
aged a t  450 F, 500 F, 550 F, 600 F and 700 F f o r  i n t e r v a l s  of 1000 hours i n  an 
a i r  c i r c u l a t i n g  over. He determined the  fo l l ow ing  a c t i v a t i o n  energies: 

Man u f a c t u re r 
Hercules 
Hcrrcul es 
Modmor 
Hercules 
Union Carbide 
Hercules 
Hercules 

F ibe r  
Grade 

HM- S 
HTS (0) 
m I 1  
A- S 
T- 300 
HTS(N) 
HTS(66-7) 

A c t i v a t i o n  Energy 
( k i  localor ies/mole) 

57 
53.6 
48 
29.9 
29.0 
22.9 
30.6 

The a c t i v a t i o n  energy of the TRk‘ thermal grav imetr ic  analys is  t e s t s  f o r  T-300 
resu l ted  i n  31.0 k i l o c a l o r i e s  per mole as compared t o  the above value c f  29.0 
k i l o c a l o r i e s  peromole. 
operated a t  1000 F and used only one minute t o  20 minute t ime i n t e r v a l s .  

This i s  i n t e r e s t i n g  i n  t h a t  t h e  TRW TGA t e s t s  were 
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Radcl i fge and Appleton of HIT (1971 carbon soot  ox ida t i on  ra tes  a t  1300 
t o  1700 K, and with var ious l e v e l s  of p a r t i a l  pressure o f  oxygen ranging from 
0.04 t o  0.1 atmospheres. The a c t i v a t i o n  energy fo r  ox ida t i on  suggested i n  t h e i r  
repo r t  ind ica tes  E = 39.3 k i  localor ies/mole.  

Lee, Thr ing  and Beer (1962) determined the  carbon soot ox ida t i on  r a t e  t o  be 
d i r e c t l y  p ropor t iona l  t o  the p a r t i a l  pressure o f  oxygen. 

where 

w ox ida t i on  r a t e  (gms carbon - cm-’-sec-’) 

p a r t i a l  pressure of oxygen (atm) P 
O2 

T absolute temperature (OK) 

R un iversa l  gms constant ( c a l  - K -mole-’) 0 -1 

This l i n e a r  dependence on P These 

r e s u l t s  a re  o f  i n t e r e s t  i n  design o f  inc inera tors .  Since the  proper a d d i t i o n  o f  
secondary a i r ,  the  proper temperature, and proper residence t ime can completely 
consume the  carbon f i be rs .  The a d d i t i o n  o f  sodium as a c a t a l y s t  can f u r t h e r  re -  
duce the a c t i v a t i o n  energy and enhance the  r a t e  of carbon f i b e r  consumption. 

was a l so  found t o  be t r u e  f o r  pyrographi te.  
O 2  

METEOROLOGICAL GAGES 

The meteorology data obtaiced from the towers were used t o  y i e l d  

0 average wind d i r e c t i o n  
0 average wind v e l o c i t y  
0 wind d i r e c t i o n  and v e l o c i t y  as a func t i on  o f  t ime 
0 average temperature 

standard dev ia t ion  o f  wind d i r e c t i o n  

The average wind d i r e c t i o n  dur ing the two t o  twenty minutes a f t e r  the  t e s t  i n i t i -  
a t i o n  ind ica ted  whether the peak concentrat ions o f  carbon f i b e r s  passed through 
the instrumentat ion network. The f i r s t  two minutes were v i t a l  w i t h  regard t o  the 
instrumentat ion w i t h i n  600 f t  f rom the source po in t ,  wh i le  the l a t e r  t ime was 
appl icable t o  the instrumentat ion a t  6000 ft from the source. A steady south 
wind was requi red f o r  the  maximum data y e i l d .  
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The average wind ve loc i ty ,  and the  d is tance from the  carbon f i b e r  source, deter-  
mined t h e  a r r i v a l  t i m e  o f  t h e  carbon f i b e r  c loud from t h e  low a l t i t u d e  plume 
(Figures 5.12 and 5.17). However, dur ing the pool f i r e  t e s t s  t h e  f i b e r  c loud 
from the h igh  a l t i t u d e  c loud a r r i v e d  simultaneously a t  several  ranges i n d i c a t -  
i n g  t h a t  t he  f i b e r  cloud was descending from above (F igure  7.6). 

The long d is tance o f  f l a t  un interupted t e r r a i n  a t  the  t e s t  s i t e  suggests t h a t  
the wind system i s  l a rge  scale. -Thus average wind speed and average wind d i rec -  
t i o n  readings from a meteoro log ica l  t w e r  should be v a l i d  over a l a rge  d is tance 
a t  each t ime i n t e r v a l .  Thus the  meteorological tower wind speed h i s t o r y  and 
wind d i r e c t i o n  h i s t o r y  can be combined t o  sketch the  meandering o f  the f i b e r  
c loud a f t e r  i t  has been released from i t s  source. 
by comparinq the meteorolo i c a l  data t o  the  measured s t i c k y  paper f o o t p r i n t  
and a c t i v e  gage f o o t p r i n t  9 Figures 7.7, 7.8, 7.9 and 7.10). 

This has been demonstrated 

The average temperature can be obta ined fnnn t h e  meteorological tower. The 300- 
ft cross-dimension o f  the b lack- top t e s t  pad, and on ly  5 4 - f t  he igh t  o f  meteoro- 
l o g i c a l  tower, r e s u l t s  i n  the thermal e f f e c t s  of t he  b lack- top s t r o n g l y  i n f l u e n c -  
i n g  t h e  lowermost thermocouple. 

The atmospheric s t a b i l i t y  o f  t he  a i r  according t o  the  Pasqu i l l  s t a b i l i t y  classes 
A through G i s  given by the  Nuclear Regulatory Comnittee Safety Guide 23. 
Figure 7.11. E i t h e r  u 
e s t a b l i s h  which plume WDequations apply. Another approach i s  t o  use the  extreme 
range of the wind d i r e c t i o n  i n  a 15-minute pe r iod  and d i v i d e  i t  by s i x  t o  ob ta in  
the  e f fec t i ve  standard dev ia t i oa  o f  ho r i zon ta l  wind d i r e c t i o n  (uwD = R/6). 
mat ter  which o f  t h e  three c a l c u l a t i o n a l  scfiemes i s  used, t he  
c lass w i l l  be i d e n t i f i e d .  

(See 
o r  AT/AZ determines t h e  s t a b i l i t y  c lass  necessary t o  

No 
same s t a b i  1 i ty 

As an example o f  the methodclogy, app l i ca t i on  o f  the methodology, and d i sp lay  of 
r e s u l t s  compared t o  analysis, Test 11 w i l l  be discussed i n  d e t a i l .  

The wind v a r i a t i o n  data w i l l  f i r s t  be considered t o  determine the  Pasqu i l l  a t -  
mospheric s t a b i l i t y  category. Figure 6.29shows the  wind v e l o c i t y  h i s t o r y  f o r  
ten minutes, whereas i t  i s  b e t t e r  t o  use 15 t o  60 minutes& Using &he ten- 
minute wind d i r e c t i o n  h i s t o r y ,  the  extreme l i m i t s  are 220 and 145 
dard dev ia t ion  i s  obtained by d i v i d i n g  t h i s  range by s i x ,  u = (220°~1459/6=12.50. 
According t o  F igure 7.1 1,this l i e s  between s l i g h t l y  unstablk! category C and 
neut ra l  category D. 

The stan- 

The temperature gradient  data w i l l  next be considered t o  determine the  Pasqu i l l  
atmospheric s t a b i l i t y  category. Figure 7.1 2 shows the  meteoro log ica l  tower tem- 
perature data w i t h  Test 11 h igh l igh ted .  Figure 7.13shows the  range o f  tempera- 
tures a t  a given g leva t i on  near t e s t  time. The temperature grad ien t  o f  -0.05 F/ 
10 ft equalso-0.9 C/100 M. 
between -1.5 C/100 M and -0.5 C/100 M, Pasqu i l l  atmospheric s t a b i l i t y  category 
D, neu t ra l .  

Fdgure 7.1 lshows t h a t  t h i s  temperature grad ien t  f a l l s  

I n  Test Number 11, spo i l e rs  burn, the wind d i r e c t i o n  v a r i a t i o n  resu l ted  i n  the  
s l i g h t l y  unstable Pasqu i l l  category C t o  neu t ra l  s t a b i l i t y  Pasqu i l l  category D; 
and the temperature gradient  r e s u l t  i n  category D. It i s  o f  i n t e r e s t  t h a t  i n  
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NEAR SURFACE TEMPERATURE DATA 

I - 
12 81.9 80.7 80.4 80.2 

13 71.5 70.2 70.0 69.8 
i 

TEhtPERATURE (OF) 

Figure 7 . 1 2 .  Near Surface Temperature D a t a  
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s p i t e  o f  the  presence o f  the  b lack  top t e s t  pad, t h e  meteoro log ica l  tcwer proved 
usefu l  i n  speci fy ing the  s t a b i l i t y  condi t ion.  This s t a b i l i t y  cond i t i on  i s  v a l i -  
dated by the  plume s t a b i l i z a t i o n  he igh t  achieved i n  Test  11, as descr ibed i n  
the fo l l ow ing  sect ion.  

The s t a b i l i t y  i s  v i t a l  i n  spec i fy ing the  plume height.  The s t d b i l i t y  parameter 
i s  def ined as e i t h e r  

dT/dZ s = l -  
(-9.8°C/100 M) 

o r  

where 

s = + s  

g g r a v i t a t i o n a l  constant 
T = absolute temperature 
2 = a l t i t u d e  

= v e r t i c a l  gradient  a 
The :mximum he igh t  (Hmax) achieved by a pu f f  generated by a pool f i r e  i s  
bY 

= 1.43 . ' f [s )  . Q (meters) "max 

f ( s )  = see F igure 7.14 

Q = heat released by JP-5 f u e l  ( t e s t  11 Q = 1.2 x 10 

where 

11 

The c o e f f i c i e n t  1.43 converts t o  4.7 fo r  HmaX i n  fee t .  

Figure 7.15 shows t h a t  the neut ra l  t o  s l i g h t l y  unstable s t a b i l i t y  condf t  
predic ted t o  y i e l d  maximum plume heights  of 3780 t o  4480 ft f o r  Test 11. 
7.6 ind ica tes  the  c loud i s  s t a b i l i z e d  a t  above 3000 ft a l t i t u d e .  

CAMERAS 

given 

j o u l e s )  

on i s  
F igure 

The f i r s t  po r t i on  o f  t h f s  sec t ion  se lects  Test 11 t o  show the  der iva t ion ,  data 
and analys is  o f  plume var iab les  obtained by means o f  v i s i b l e  l i g h t  cameras. The 
second po r t i on  discusses the r e s u l t s  obtained from the  i n f r a r e d  cameras. 

CINE CAMERAS 

The methodology o f  the s i m p l i f i e d  data reduct ion,  the data, the s i m p l i f i e d  analy- 
s i s  o f  the plume t r a j e c t o r i e s  and plume h i s t o r i e s ,  and use of the  meteorological  
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data are shcnvn i n  t h i s  sect ion i n  Figures 7.16 t o  7.20. 

It i s  important t o  note tha t  there are more complex techniques avai lab le t o  
analyze the plume data. For instance the fundamental c lass ica l  momentum and 
energy d i f f u s i v i  ty coeff ic ients,  entrainment factors, apparent masses, conser- 
vat ion equations, and the in t roduc t ion  o f  rad ia t i on  t ranspor t  t o  correct  the  
plume propert ies, can a l l  be used t o  specify plume parameters i n  am elaborate 
state-of-the-art computer ca lcu lat ion.  S imp l i f i ca t ions  o f  Gaussian model ver I;- 
cal  ve loc i ty  d i s t r i bu t i ons  have been used i n  the past. However, the presented 
simple approach i s  consistent w i t h  the requirements o f  a r i s k  analysis. 

The camera photographs contain q u a l i t a t i v e  and quan t i t a t i ve  data. The qua l i -  
t a t i v e  data includes the general shape of the plume and pu f f  formation a t  several 
times, the general d i rec t i on  of the motion, s w i r l i n g  o f  large scale eddies o f  
+mke comprising the plume, the fa l l - ou t  of large s t r i p s  o f  burned material,  
elid the orangr flame height conipared t o  the pool dimension. This q u a l i t i t t i v e  
information i a  best seen i n  the co lo r  photographs of Figures 6.30 t o  6.35. 

The quant i ta t i ve  data reduct io i i  requires the development o f  L three dimensional 
analysis t o  convert photo data f r o m  two separate cameras viewing the  same scene 
a t  r i g h t  angles. 
f o r  the camera located south of the f i r e  plume and f o r  a south wind. 
t i o n  was performed by taking photographs o f  v e r t i c a l  poles o f  height H1 and H p ,  
m d  measuring the distances from the camera t o  each pole and between 
poles. The angles el and e2 were then calculated based on the har izonta l  and 
ve r t i ca l  distances. For v e r t i c a l  objects the values o f  el/hl and e2/h2 were 
averaged t o  y i e l d  the parameter avertical. S i ,n i lar ly  the angle between the base 
o f  the poles e3,compar?d t o  the distance between the poles h3, y ie lded 

The al, a2 and a3 values proved t o  be close so tha t  a s ing le  value a 

of a was selected. 
mensions by using the ca l i b ra t i on  photographs, plume photographs and mapping 
equa ti ons . 
A g r i d  on a transparent sheet was overlayed on each photograph t o  obtain t rue  
dimensiow. Note how errors  i n  measurement o f  the plume top are more severe 
than the same e r r o r  a t  the c loser - in  plume bottom. 
constructed f o r  the f a r  west camera for  Test 11, and the der ivat ions f o r  the 
construction o f  the g r i d  i s  shown i n  Figure 7.17a. 
meters are given i n  Figure 7.17b. 

Figure 7.16 shows the two-dimensional data reduct ion scheme 
Cal ibra- 

hori,mtal. 
Figure 7.16a and 7.16b explain the development o f  t rue  d i -  

Figure 7.17 shows the g r i d  

Speci f ic  values f o r  para- 

I n  t h e  next s e r i e s  o f  f igures the plume data shown i n  Section 6 w i l l  be shown 
along w i th  the cor re la t ion  equation, and the next f i gu re  w i l l  show the TRW 
computer mode cor re la t ion  equatiop parameters. 
f r o m  Figures 6.38 and 6.39) shows the corre la t ions o f  f lame height h i s t o r y  and 
v e r t i c a l  ve loc i ty  h i s to ry  u n t i l  the s t a b i l i z a t i o n  height Z* i s  obtained, whi le  
F i y w e  7 .18~  shows the derived cor re la t ion  equations. These cor re la t ion  equa- 
t ions a r e  based upon empirical constants developed f o r  f i r e  plumes and puf fs .  

Figure 7-18a and 7-18b (data 
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Figure 7.19a shows the  plume he igh t  h i s t o r i e s  f o r  both the  dense smoke as w e l l  
as the more r a r e f i e d  smoke; and the ho r i zon ta l  d is tance t raversed by these 
plumes as a func t i on  of time. The co r re la t i ons  a re  based on the empi r i ca l  re -  
l a t i o n s  shown i n  Figure 7.19b. The plume t r a j e c t o r y  i s  shown ir! F igure 7.20a, 
and de r i va t i on  i s  shown i n  F igure 7.20b. 

INFRARED CAMERAS 

The i n f r a r e d  cameras show the ex ten t  of  t he  p lume' to  be grea ter  than ind i ca ted  
by the c ine  cameras, and f o r  longer times (Figures 6.12, 6.20 and 6.24). Since 
carbon f i b e r  cloilds are p a r t i c u l a r l y  raref ied,  t h i s  is an important a t t r i b u t e  
of the i n f ra red  system. 

The in f ra red  cameras are ab le  t o  suppress the  soot and f i b e r  clouds t o  h i g h l i g h t  
hot  spots i n  the  plume. These hot  spots were t racked and represented the  t r a -  
j e c t o r i e s  o f  l a r g e  pieces o f  carbon f i b e r  laminate i n s i d e  the  cloud. I t  i s  ap- 
parent t h a t  repeated viewing of these same scenes, and us ing  more sub t le  con t ras t  
se t t ings ,  could reveal  smal ler  laminates and t h e i r  t r a j e c t o r i e s ,  which more 
c lose ly  t rack  t h e  l o c a l  aerodynamics (Figures 6.27, 6 .28 and 6.42) .  This i s  use- 
f u l  f o r  plume modell ing. 

The in f ra red  cameras appear t o  show a low hanging f i b e r  c loud below t h e  combus- 
t i o n  product gases (Figure 6.25).  This, too, requi res f u r t h e r  study. 

ACTIVE GAGES 

The ac t i ve  gages showed the concentrat ion h i s to ry ,  f i b e r  leng th  d i s t r i b u t i o n  as 
a func t ion  of time, i n t e r m i t t e n t  character of  the  f i b e r  cloud, t he  dura t ion  o f  
the f i b e r  cloud, and the e f f e c t  of resuspension caused by personnel walk ing i n  
the t e s t  area. These are  proper t ies  no t  measurable by any of the passive gages, 
and never before measured. 

The h igh  vol tage b a l l  gage was p a r t i c u l a r l y  i n t e r e s t i n g  i n  t h a t  i t  was s e n s i t i v e  
t o  on l y  those f i b e r s  greater  than 3-4 mm long. 
t h a t  a re  apable o f  damaging e l e c t r i c a l  equipment w i t h  exposures i n  the range of  

measure o f  the h i s t o r y  of  the  f i b e r  c loud which i s  o f  most i n t e r e s t  f o r  spec i fy ing  
t h  po ten t i a l  e l e c t r i c a l  hazards. The b a l l  gage showed exposures o f  the  order  of  

300 f t  from the  source, and the  s p o i l e r  a t  an exposure o f  10 fiber-seconds per 
cubic meter .  
peak concentrat ions o f  t he  order o f  0.5 t o  1.3 x 104 f i b e r s  per cubic meter, 
whereas the p o i l e r  and cockp i t  showed almost no detectable concentrat ion o f  

r a r e f i e d  cloud t h a t  the concept o f  a continuum i s  quest ionable w i t h  regard t o  the 
d e f i n i t i o n  o f  concentrat ion,  but  over 200 t o  1500 seconds there was a measurable 
exposure t h a t  f o r  the cockp i t  proved t o  a t t a i n  the  c r i t i c a l  threshold value o f  
exposure f o r  the onset o f  suscept ib le  e l e c t r i c a l  equipment f a i l u r e .  
important t o  note t h a t  the f i b e r  cloud was a t  l e a s t  2500 seconds i n  durat ior ,  f o r  
the p l a t e  tes t ,  

I t  i s  exac t l y  these longer  f i b e r s  

104 t o  10 4 fiber-seconds per cubic meter. Thus the  b e l t  gage gave a d i r e c t  

10 8 f iber-seconds per cubic meter f o r  the p la te ,  ba r re l  and o c k p i t  t o  ranges of  

f i be rs  ( e 1 0  5 f i b e r s  per cubic meter) .  The spo i l e rs  and cockp i t  had such a 

s 
(Figure 7.21). The p l a t e  and bar re l  achieved these exposures w i t h  

It i s  
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On the other hand, the LED gage mea, .'-d a l l  t he  f i b e r s  t h a t  the  b a l l  gage de- 
tected, and a lso  the smaller f i be rs  : the 1-3 mn length t h a t  the  b a l l  gage d i d  
not  detect. Since there was a dominant number o f  f i b e r s  i n  the 1-3 mn lengths, 
the LED y ie lded higher concentrations than the  b a l l  gage. 
the data was reduced f o r  comparable times 2nd the LED gave exposures 30 times 
higher than3the b a l l  gage. The peak concentrations o f  s ing le  f i b e r s  was o f  the  
order o f  10 f i b e r s  per cubic meter f o r  the f l a t  Rlate a t  up t o  300 ft range. 
The ba r re l  and spo i l e r  Soncentrations achieved 10 f i b e r s  per  cubic meter, and 
the cockpit achieved 10 -10 f i be rs  per cubic meter. 

For the spo i l e r  tes ts ,  

The microwave system was placed i n  j u s t  a few locat ions t o  spot check f o r  t he  
mass f l ux  o f  la rge  clumps. 
teqs. 
cm -sec mass f l u x  f o r  the p la te  and bar re l  tests. There were j u s t  a few o f  
these systems ava i lab le  and they were not always i n  the center o f  the f i b e r  
cloud. 
measure la rge  clumps, t o  the data from the LED and b a l l  systems which measured 
s ing le  and mu l t i p le  f i be rs  as i s  done i n  t h t  next section. 

The ladar  showed the f i b e r  cloud t o  be composed of three separate clouds as a 
function o f  height, the 28-second ins tan t  a f t e r  the explosion o f  t he  barre l .  
The clouds appear 5-10 ft high w i t h  20 ft v e r t i c a l  separations. 
f iber  cloud i s  a t  80 ft. A t  85-seconds, on ly  two f i b e r  clouds pass and the 
uppermost cloud i s  on ly  30 ft o f f  the ground. A t  185-seconds, there i s  on ly  
the low l y i n g  f i b e r  cloud about 10 ft o f f  the  ground (Figure 5.26). 

The flame velocimeter measured the 11-38 ft per second v e r t i c a l  r i s e  o f  the 
smoke/flame from the 3P-5 pool- f i r e s .  
and has the capab i l i t y  o f  va l i da t i ng  computer models o f  the  f i r e  plume 
(Figures 5.37). 

The L-C deposition h i s to ry  gage i s  another device newly developed a t  TRW t o  
measure the mass per u n i t  area h i s t o r y  o f  clumps deposit ing on the  ground. 
device was shown feasible, but  not  used t o  develop data f o r  t h i s  p ro jec t  
(Figure 5.41). 

These clumps would have saturated the t a l l  LED sys- 
I n  the 25-50 ft range locations the microwave y ie lded 300 t o  500 pgm/ 

However, i t  i s  i n te res t i ng  t o  compare the data from t h i s  system which 

The uppermost 

This i s  a device newly developed a t  TRW, 

The 

COMPARISON OF MEASUREMENT SYSTEMS 

The consistency o f  the d i f f e r e n t  measurement systems i s  v i t a l .  
f i e l d  t e s t  program, the instrumentation t h a t  was ava i lab le  was designed t o  mea- 
sure s ing le  f ibers .  That instrumentation plus a microwave and LED instrumenta- 
t i o n  was thereaf ter  appl ied t o  mu l t i p le  f ibers ,  c lusters  and clumps. 
i s  necessary t o  compare the data from each measurement system t o  assure con- 
s i s t e ncy . 

P r i o r  t o  the  

Thus i t  

Figure 7.?2 shows the integrated mass f lux  of the act ive instrumentation against 
the deposition per u n i t  area measured on the s t i - k y  paper. The c i r c l e s  repre- 
sent the p la te  t e s t s ;  t r iang les  the harre l  t es t ;  squares the spoi lers ;  and d ia -  
monds the cockpit.  Note tha t  the microwave gages measured high, the LED gages 
measured w i th in  the envelope of s t i cky  paper data, and the b a l l  gages measured 
low i n  the p la te  tests; whereas the decay of deposition f o r  each gage system 
was a t  the 1.5-power of range. considering the d i f f e r e n t  physics p r i nc ip les  
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involved i n  each o f  the gage system, t h i s  represents good agreement. Also by 
considering t h a t  the b a l l  gage i s  i nsens i t i ve  t o  f i b e r s  below 4 mn i n  length, 
and tha t  the microwave gage i s  insens i t i ve  t o  s ing le  f i b e r s  when i n  law concen- 
t r a t i o n  and i s  designed t o  detect  clumps; the order o f  b a l l  gage (below enve- 
lope!,LED gage ( w i t h i n  envelope) and micronave gage (above envelope) i s  reason- 
able. And the wide swing of the f l u x  measurements a t  a given range i s  consistent 
w i th  the phenomenology being measured. 

The bar re l  t e s t  was on the  average lower i n  mass f l u x  than the s t i c k y  paper en- 
velope. The microwave gage read a t  the upper l i m i t  o f  the s t i c k y  paper enve- 
lope, wh i le  the LED and b a l l  gages read a t  the lower l i m i t  o f  the s t i c k y  paper 
l i m i t ;  but  the slope was consistent w i th  the 1.5-power decay w i t h  range as 
shown i n  Figure 7.22. 

The spo i le r  t e s t  mass f l u x  data was j u s t  above and below the envelope determined 
by the p la te  t e s t  data; again the LED gages read higher and the b a l l  gages read 
lower. It should be reca l led  tha t  the spo i l e r  t e s t  involved about a fac to r  o f  
f i v e  increase i n  weight, which should r e s u l t  i n  an increase i n  in tegrated mass 
f lux,  but  on the  other hand, the in t roduc t ion  of the  pool f i r e  plume w i t h  i t s  
updraf t  resu l ts  i n  a decrease i n  in tegrated mass f l u x  a t  the ranges less than 
300 ft. Thus these competing e f fec ts  appear t o  cancel each other. 

The LED gage and b a l l  gage data from the cockpi t  t e s t  f e l l  between the respec- 
t i v e  data from the spo i l e r  tes t ,  and w i th in  the passive data envelope. 
agreement was obtained i n  s p i t e  o f  the highest i n i t i a l  carbon f i b e r  mass. 
Again, the e f f e c t  o f  the buoyant plume compensated f o r  the high i n i t i a l  weight 
t o  cause the cockpi t  data t o  f a l l  with the other  test. structures.  

Figure 7.22 i s  p a r t i c u l a r l y  i n te res t i ng  ir! t h a t  d i f f e r e n t  i n i t i a l  carbon f i b e r  
weights, d i f f e r e n t  burn temperatures and burn times, explode and non-explode, 
and d i f f e r e n t  plume sizes were involved. 
data as may be expected from the di f ferences i n  the tests,  but  there i s  an over- 
a l l  t rend t h a t  shows the ac t ive  data fo l lowing the pat tern o f  the passive data. 

The cloud photography f o r  Test No. 11 showed the overhead carbon f i b e r  cloud 
development. Figure 7.6 showed the carbon f i be rs  a r r i v i n g  a t  the furthermost 
LED gage a t  the e a r l i e s t  time w i th  t h i s  t rend cont inuing u n t i l  the  c losest  t o  
the source LED gage shows the carbon f i b e r  c loud a r r i v i n g  a t  the l a t e s t  time. 
This e f f e c t  can only be explained by a f a l l - o u t  o f  carbon f i be rs  from the  over- 
head plume along a f ron t  such tha t  the furthermost carbon f i be rs  i n  hor izonta l  
range f a l l  ea r l i es t .  

This 

There i s  widespread sca t te r  o f  the 

Note tha t  i n  Figure 7.6, the f i b e r  cloud touches the ground a t  1000 ft a t  the 
s t a r t  and sweeps along the ground t o  3000 ft. 
matching t h i s  pattern,  w i th  the peak deposit ion a t  2000 ft. 

The meteorological data compares wel l  w i th  the passive gage f o o t p r i n t  ( F i g u r e  
7.7, 7.8, 7.9 and 7.10). 

Figure 7.23 shows the deposi t ion 
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Comparison of the ladar data showing the descending carbon f iber  cloud (Fig- 
ure 5.26) with the infrared pictures (Figure 6.25) showing the descending 
carbon f iber cloud, indicates tha t  the hot r i s i n g  cloud of detonation gases 
i s  higher than the f a l l i n g  heavy carbon f iber  cloud i n  the barre l  Test No. 8. 
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The concluding remarks w i l l  be presented i n  terms o f  t a rge t  type (plate, 
barrel,  spo i l e r  and cockpi t )  i n  f i e l d  tes ts  and laboratory  tests ,  as we l l  as ,n 
terms o f  passive and ac t i ve  instrumentation. 

0 Thick Plate/Propane Burner/Explode 

The mass o f  s ing le  f i b e r s  released from burn and explode tes ts  are less 
than 0.02% o f  the  i n i t i a l  composite mass. This percent was obtained 
from the outdoor f i e l d  tes ts  a t  the Naval Ueapons Center Test S i t e  and 
f r o m  the outdoor screen enclosure chamber tes ts  a t  the  TRW Capistrano 
Test Site. This i s  100 times smaller than the percent measured a t  t he  
indoor chamber a t  the  Naval Surface Weapons Center, Dahlgren Laboratory. 
This small percent i s  based on the deposit ion capture o f  12 - 19 percent 
o f  the  i n i t i a l  mass. 

The outdoor screen enclosure chamber tes ts  y i e l d  f i b e r  length and f i b e r  
diameter d i s t r i bu t i ons  comparable t o  those obtained i n  outdoor f i e l d  
tests. 

Passive data ind icated t h a t  o f  the  s ing le  f i b e r s  i n  the 1 t o  20 mm range, 
about 50 t o  80 percent were i n  the length range o f  1 t o  3 mn, w i t h  the  
balance p r i n c i p a l l y  i n  the  range o f  3 t o  6 mn. 
length range o f  3 t o  20 mn t h a t  represent a po ten t i a l  hazard t o  e l e c t r i -  
ca l  equipment. 

It i s  f i b e r s  i n  the  

The burn and explode tes ts  of p la tes  resu l ted  i n  mostly b l a s t  fragments 
(clumps) by comparison t o  the s ing le  f ibers .  The 40-ply s t ruc tu re  o f  
the p la tes appears t o  in f luence t h i s  resu l t .  

Burn and explode o f  p la  es i n  the range o f  1000 pounds can induce the 

the source, w i th  f i be rs  3 - 6 m long. 
c r i t i c a l  exposure o f  10 f f i b e r  seconds per cubic meter w i t h i n  200 f t  o f  

0 Thin Barrel/Propane Burner/Explode 

The hot propane burn o f  the ba r re l  fol lowed by explode, resu l ted  pre- 
dominantly i n  s ing le  f i b e r s  and c lusters .  
i n  the 1 - 6 mn length i n te rva l .  

The s ing le  f i b e r s  were mostly 

D is t r i bu t i on  o f  the c lusters  extended from near ground zero out t o  the  
l i m i t s  o f  the passive instrumentation array a t  3000 ft downrange. 

0 Thin Barrel/Pool Fire/Explode 

A JF-5 pool f i r e  burn of another bar re l  and then explode, caused a strong 
reduction i n  s ing le  f i b e r  deposit ion c lose- in  because of the a b i l i t y  of 
the post f i r e  plumes t o  l o f t  f i be rs  t o  several thousand fee t  a l t i t u d e  
and f o r  the wind t o  transport the l o f t e d  f i b e r s  t o  great hor izon ta l  
distances . 
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The rap id  heat ing o f  the t h i n  s t ruc tu re  wi th few p l y  r e s u l t e d  i n  delami- 
na t ion  o f  each ply, and the  plume updra f t  d i d  no t  permi t  t he  separated 
and r i s i n g  p l y  t o  remain very long i n  the  h o t t e s t  po r t i ons  of t he  pool  
f i r e ,  Thus, these p l y s  eventua l l y  deposi ted as s t r i p s .  

Several s t r i p s  reached 1200 ft downwind. 
No s t r i p s  were generated i n  the propane burner and explode tes ts .  

One was 10" long and 1" wide. 

Thin Spoi lers/Pool  F i r e  

The burn o f  the  s p o i l e r s  i n  the  JP-5 pool f i r e  resu l ted  i n  the  emission 
o f  p r i n c i p a l l y  s i n g l e  f i b e r s  by v i r t u e  o f  t he  tu rbu len t  ac t i on  o f  the  
f i r e ,  and the shor t  residence t ime i n  the  f i r e h p d r a f t  again resu l ted  i n  
s t r i p  formation. 

The s t r i p s  were most ly 12" t o  24" long, C.25" t o  1.0" wide, a2d 1 t o  1.2 
p l y  th ick .  They deposited most ly i n  the 1000 t o  2030 ft downrind range, 
w i t h  almost as many reaching 2000 t o  3000 ft downwind range. These s izes  
and ranges are  o f  specia l  i n t e r e s t  t o  composite mater ia ls  i n  f i r e s  near 
power subs t a t  i ons . 
Thin Spoi 1 ers/Pool F i  re/Expl ode 

Af ter  explode, there  was a grea ter  deposi t ion o f  s i n g l e  f i b e r s  and w i t h  
no s t r i p s .  

O f  a l l  t h e  p a r t i c l e s  caught i n  the  Jacob's ladder b r i d a l  v e i l ,  
were s i n g l e  f ibers .  

Thin Cockpit/Pool F i r e  

The cockDit burn over a JP-5 ~ o o l  f i r e  resu l ted  i n  raDid delam 

about 80% 

na t ion  
and geneiat ion of l i n t  and s t r i p s ,  w i t h  r e l a t i v e l y  few s i n g l e  f i b e r s .  

Most o f  the  s t r i p s  generated by a l a rge  s i z e  pool f i r e  are 1 - 2 p l y  
th i ck ,  1/4 t o  1 i nch  wide and have a length  comparable t o  the i n i t i a l  
lay-up length.  

The plume f r o m  the  l a rge  s i ze  pool f i r e  c o n t r o l l e d  the f i b e r  deposi t ion.  
Most a l l  o f  the  deposi t ion i s  i n  s t r i p s  because o f  rap id  delamination, 
and they f a l l  out  d i r e c t l y  below the plume. S ing le  f i b e r s  were detected 
i n  the v e r t i c a l  plane o f  the Jacob's ladder, but  these p a r t i c l e s  kc re  
ca r r i ed  t o  beyond 3000 t o  6000 ft. Thus, the  meteorological  condi t ions 
and JP-5 pool size, which con t ro l  the plume s i z e  and tilt, a lso  con t ro l  
the f i b e r  deposi t ion.  

Laboratory Tests 

Prolonged burning c f  carbon f i b e r  s t ruc tu res  composed o f  a few p l y ,  for  
several minutes a t  greater  than 1000°F, w i l l  r e s u l t  i n  the  ox ida t i on  o f  
carbon f i b e r .  Present t e s t  data showed t h a t  t h i s  o : ida t ion  created 



f i b e r s  t h a t  were i n  the  range of 1 - 3 microns tiiameter, where h e a l t h  
may be a fac to r  t o  be considered. 

There are c a t a l y t i c  e f f e c t s  of t he  r e s i n  t h a t  cause more r a p i d  ox ida t i on  
o f  t he  carbon f i b e r s .  There were d i f fe rences  i n  ox ida t i on  temperatures 
noted due t o  such sub t le  va r ia t i ons  as t e s t s  i n v o l v i n g  Narmco 5208 versus 
Narmco 5209 res ins .  

0 Pass i ve Instrument a t  i on 

Passive inst rumentat ion data comprises the  m a j o r i t y  o f  the data reduc t ion  
e f f o r t ,  and r e s u l t s  i n  the deposi t ion f o o t p r i n t  and the  f i b e r  s i z e  d i s -  
t r i b u t i o n  a t  many s ta t i ons  i n  the f o o t p r i n t .  The i n i t i a l  placement o f  
inexpensive and la rge  number of  passive sensors d i d  not  requ i re  a great  
e f f o r t .  However, i n  order t o  evaluate the data s u f f i c i e n t l y ,  i t  was 
necessary t o  expend several  personnel f o r  several  months as compared t o  
the a c t i v e  instruments which are expensive t o  deploy b u t  s impler and 
more r a p i d l y  ettaluated f o r  data reduct ion.  

There are several broad conclusions wi th regard t o  the  e f fec t i veness  o f  
each type o f  passive sensor: 

- m i l l i p o r e  f i l te r /vacuum - This system was no t  e f f e c t i v e  i n  captur-  
ing  s u f f i c i e n t  number o f  f i b e r s  by comparison t o  the  other  nearby 
sensor types. The low capture e f f i c i ency  may be r e l a t e d  t o  i t s  
small diameter and the m i l l i m e t e r  f i b e r  lengths o f  i n t e r e s t .  

- tuna can/br idal  v e i l  - This system was e f f e c t i v e  i n  captur ing 
f i b e r s  greater  than 1 m i l l i m e t e r  i n  iength.  The tuna can ar rays  
extended t o  on ly  30 f t  i n  height,  and there fore  d i d  no t  sample the 
e n t i r e  cross-sect ion o f  the  f i b e r  cloud. 

- s t i c k y  paper - Good representat ions o f  f i b e r  cha rac te r i s t i cs  and 
s i ze  d i s t r i b u t i o n s  ;.-re obtained by means of the s t i c k y  paper gages. 
The adhesiveness re ta ined  i t s  s t rength  s u f f i c i e n t l y  t o  a f f o r d  good 
data records even though the  sensors on some occasions were ex- 
posed t o  the dustiness, dew, wind and sunshine f o r  extended per iods 
due t o  t e s t  i n i t i a t i o n  delays because o f  meteorological  cond i t ions .  
I t  i s  recognized t h a t  there i s  a d i f f e rence  between the "deposi t ion"  
capture e f f i c i e n c y  o f  s t i c k y  paper versus the "exposure" capture 
e f f i c i e n c y  of the b r i d a l  v e i l .  

- Jacob's ladder - The Jacob's ladder was an innovat ion i n  t h a t  i t  
was designed t o  i n te rcep t  a l l  o f  the plume generated by a propane 
burn and explode tes t ,  and was used e f f e c t i v e l y  t o  i n te rcep t  a 
po r t i on  o f  the f i r e  plume generated by a j e t  f u e l  pool burn t e s t .  
This permit ted gain ing in format ion regard ing v e r t i c a l  d i s t r i b u -  
t ions  o f  the carbon f i b e r s  i n  the overhead cloud. 
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0 Act ive  Instrumentat ion 

The a c t i v e  data y ie lded  an add i t i ona l  dimension t o  the  data ana lys is  
t h a t  g ives more i n s i g h t  i n t o  t h e  passive data and gives support t o  the  
dynamics o f  the phenomenology so important t o  model development. It 
should be noted t h a t  t h i s  was the f i r s t  f i e l d  e f f o r t  wherein illany o f  
the laboratory  ins t runents  were used. 
ance o f  these f i e l d  tes ts ,  the  e f f o r t  proved worthwhile. 

However, cons ider ing the  impor t -  

The meteorological  data from a 54-f t  h igh tower was adequate f o r  p r e d i c t -  
iq the carbon f i b e r  c loud f o o t p r i n t  based on the  wind speed h i s t o r y  and 
wind d i r e c t i o n  h i s t o r y  over shor t  t ime i n t e r v a l s .  A lso the  meteorologi-  
ca l  data def ined the  atmospheric s t a b i  1 i ty category based on e i t h e r  (1  ) 
standard dev ia t ion  o f  wind d i r e c t i o n  h i s t o r y  over a 1/4 t o  1 hour per iod  
or (2) thermal g rad ien t  i n  the  v e r t i c a l  d i r e c t i o n .  

The plume from an explosion t h a t  creates a near v e r t i c a l  cy l i nde r  o f  
detonat ion gases and carbon f i b e r s ,  deposi ts a downwind f o o t p r i n t  t h a t  
i s  d i c ta ted  by the  l o c a l  wind speed and l o c a l  wind d i r e c t i o n .  Thus i t  
i s  poss ib le  t o  use meteorological  tower data t o  p r e d i c t  a carbon f i b e r  
f o o t p r i n t  as a r e s u l t  o f  a burn and explode accident. 

The c ine  cameras recorded the  cha rac te r i s t i cs  o f  the p u f f  o f  smoke/fibers 
a f t e r  the propane burn and explode o f  the f l a t  p l a t e  and b a r r e l  A. These 
cha rac te r i s t i cs  included the ove ra l l  s i ze  of t he  c loud a t  each ins tan t ,  
and the t r a j e c t o r y  o f  the cen te r l i ne  a t  each ins tan t .  These measured 
cha rac te r i s t i cs  cor re la ted  w i t h  the  t r a j e c t o r i e s  p red ic ted  by explos ive 
f i r e b a l l  empir ica l  formula f o r  puffs based on non-dimensional groups. 
S i m i  larly, the  c ine  cameras recorded the  cha rac te r i s t i cs  o f  the  plume 
o f  smoke/fibers a f t e r  the JP-5 pool f i r e  burn and burn/explode of  b a r r e l  
B, spo i i e rs  and cockpi t .  
j e c t w i e s  cor re la ted  w i t h  the pred ic t ions  by the  empi r i ca l  formula f o r  
plumes based on non-dimensional groups. 

As i n  the  case of t he  puff ,  the  measured t r a -  

Comparison o f  the c ine  camera r e s u l t s  t o  the  a c t i v e  instr l lment data 
showed the cloud t o  r i s e  and move downwind, and then t a l l  and move 
f u r t h e r  downwind. The cloud arched over the a c t i v e  inst rumentat ion 
array.  
instruments a t  the d i f f e r e n t  r a d i a l  s ta t i ons  there fore  showed t h a t  the 
f i b e r  c loud was dropping from the overhead cloud down t o  ground leve l .  

The simultaneous a r r i v a l  o f  the  carbon f i b e r  c loud a t  a l l  a c t i v e  

Comparison o f  the c ine  camera p r o f i l e s  t o  the deposi t ion f o o t p r i n t  i n  
the pool f i r e  tes ts  showed t h a t  the plume f o o t p r i n t  a t  ground l e v e l  and 
deposi t ion f o o t p r i n t  coincide. Comparison of the c ine  cameras v e r t i c a l  
v e l o c i t y  f o r  r i s i n g  smoke s w i r l s  was consis tent  w i t h  the v e r t i c a l  ve lo-  
c i t i e s  o f  hot  spots measured w i t h  the  i n f r a r e d  cameras and w i t h  the 
newly developed TRW flame velocimeter. 

The i n f r a r e d  imaging cameras continued t o  t rack  the  pu f f s  and plumes fo r  
longer times and over greater  distances, as compared t o  the  c ine  camera 
observation l i m i t s .  Adjustment o f  the s igna l  l e v e l  an3 cont ras t  l e v e l  
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f o r  a s p e c i f i c  scene suppressed the soot c loud and revealed t r a j e c t o r i e s  
o f  ho t  ob jects  w i t h i n  the cloud, which permi t ted data a c q u i s i t i o n  w i t h  
regard t o  the  aerodynamics i n s i d e  the plume (updraf t  and also ho r i zon ta l  
entrainment ve loc i t ies : .  There appears t o  be the p o t e n t i a l  of f u r t h e r  
separat ing the f i b e r  cloud image from t h a t  of t he  gas products i n  down- 
wind ranges, but  f u r t h e r  data reduct ion i s  required. 

The h igh  vol tage b a l l  gages were sens i t i ve  t o  f i b e r s  having lengths 
greater  than 4 mn long, the s i ze  of importance t o  the e l e c t r i c a l  equip- 
ment hazards. The b a l l  ga es showed fo r  these longer lengths t h a t  ex- 

f t range, were achieved per pound o f  carbon f i b e r  source f o r  the 100 ft 
high  puf f ;  whereas t h i s  c r i t i c a l  exposure would be achieved i n  the  same 
range by a 35 pound carbon f i b e r  scurce even when there i s  the b e , \ e f i t  
of a 3000 ft h igh plume spreading f ibers  over a greater  area. 
cloud dura t ion  ranged from 235 seconds t o  1500 seconds. Peak concen- 

were measured w i t h i n  200 ft range f o r  the p l a t e  and b a r r e l  t es ts  where 
the 100 ft h igh p u f f  was the  source. 

posures o f  the  order o f  10 ! fiber-seconds per  cubic meter, i n  the  200 

t r a t i o n s  o f  10 ii f i b z r s  per cubic meter of f i be rs ,  a t  l e a s t  4 mn long, 

F iber  

The LED gages were sens i t i ve  t o  f i b e r s  ' d v i n g  lengths greater  than 1 mm 
i n  length.  Most o f  the f i b e r s  wer measured t o  be i n  the  1 t o  3 mn 

t o  induce c i r c u i t  f a i l u r e s .  The LED w i l l  measure concentrat ions and ex- 
posures of the  1 - 3 man and a lso  the 3 t o  20 mm length  f i b e r s .  The t o t a l  
o f  these two sources of concentrations i s  t po  h igh  fo r  purposes o f  re -  
so lv ing the e l e c t r i c a l  hazard po ten t i a l .  

length, which requ i re  more than 10 6 f iber-second per  cubic meter exposures 

The gages recorded concentrations 1.5 t o  5 times the  b a l l  gage concen- 
t r a t i o n s  f o r  the p l a t e  and b a r r e l  and 10 t o  400 times the  b a l l  gage con- 
centrat ions f o r  the  s p o i l e r  and cockpi t .  These r a t i o s  represent the  
r a t i o  o f  LED data f o r  f i b e r s  1 - 20 mm i n  length compared t o  b a l l  gage 
data f o r  f i b e r s  4 - 20 n i n  length.  These peak concentra ions were o f  

cubic meter f o r  t h -  % - r e 1  and spo i le rs ,  and l o 5  f i b e r s  per cubic meter 
f o r  the cockpi t .  m a l y s i s  o f  the LED and b a l l  gage recordings show the 
importance o f  the  la te - t ime f i b e r  cloud. 

the order o f  lo3 f i b e r s  per cubic meter f o r  the p la tes,  10 & f i b e r s  per 

I t  was observed as expected tha t  the in tegra ted  mass f l u x  from the micro- 
wave gage f e l l  a t  the upper envelope o f  a l l  the data f o r  in tegra ted  mass 
f l u x  versus range due t o  the fac t  t h a t  t h i s  gage records massive pieces 
fa1 1 i n g  through i t s  sampl ing  volume. 

The broad conclusions f o r  the ac t i ve  instrumentat ion are as fo l lows:  

0 ball/LED/microwave - These systems showed the f i b e r  c loud re!at ive a r r i -  
val times a t  d i f f e r e n t  ranges, the comparative deposi t ion ra tes  a t  d i f -  
fe ren t  t ime in te rva l s ,  the ove ra l l  deposi t ion per iod,  the  l a te - t ime  re -  
entrainment o f  f i b e r s  induced by wind gusts and personnel en ter ing  the 
area. I n  add i t i on  there were the concentrat ion and MSS f l u x  h i s t o r i e s  
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t h a t  were me3sured which supplemented the deposi t ion data measured by 
the passive sensors. The data obtained by mesns of the  a c t i v e  i n s t r u -  
mentatio:! uniquely spec i f i es  the observed depl rs i t ion and i s  t he re fo re  
o f  value toward v a l i d a t i o n  of computer mrxlels. 

0 v i s i b l e / i n f r a r e d  cameras - These systems y i e l d e d  plume t r a j e c t o r i e s  and 
propagation phenomena t h a t  were useful i n  exp la in ing  the f i b e r  c loud 
t ranspor t  and observed deposi t ion f o o t p r i n t .  

0 meteorological  - The mPteorologica1 sensors (wind speed, wind d i r e c t i , m  
and v e r t i c a l  temperature grad ien t )  were v i t a l  i n  both the  e x e c u t i w  of 
each tes t ,  as we l l  as i n  es tab l i sh ing  the data i n t e r p r e t a t i o n .  The 
wind speed and d i r e c t i o n  were used t o  assure t h a t  the f i b e r  c loud would 
pass over the instrumentat ion array.  The wind v e l o c i t y  h i s t o r y  from 
the towers were e f f e c t i v e  i n  p r e d i c t i n g  the  depos i t ion  f o o t p r i n t  t o  3000 
ft. 
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TEST CONDITIONS 

Given i n  th is  appendix i n  Tables A . l  through A.15 are the deta i led t e s t  
conaitjnns for  each of the f i f teen  tests conducted i n  the t e s t  ser ies.  A des- 
c r ip t ion  o t  m e  of the character ist ics unique t o  each t e s t  i s  given i n  Section 
3 ,  pp 3-27 through 3-32. 
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Table A.1. Test Conditions for Test No. 1 

TRW TEST NO. 1 NWC TEST NO. CTS TEST NO..-. 

TEST SITE 

TEST 'LE F l a t  P late .  T h o r n e t  300/Nanco 5208 P la te  

CTS, with in  a 15 ft x 15 ft screened enclosure 

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN Pro.!- EXPLODE MOCE .--A. 
BURN DURATION 40 minutes CONFIGURATION 4 ea 1/2 oz C -4 

BURN LOCATION Center of P a d  
BURN DATE 11-4-77 EXPLODE LOCATION Center of Pad 
TIME OF BURN EXPLODE DATE 11-9-77 

TIME OF EXPLODE 

PASS1 VE INSTRUMENTATION ACTIVE INSTRUMENTATION 

SP SHEETS 23 LED 2 

SP STRIPS 
SP ROLLS 
l i l N A  CANS 
BV VUGRAPHS 
BV FRAMES 

MICROWAVE 
BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 

2 

4 

1 

BV LADDER VELOCIMETER 
MILLIPORES 
PAD COLLECTION 
SWEEP BRIGADES 

PH3TOGRAPHY 

a 

METEOROLOGY 

THERMOCOUPLES 
VANES 

-- ANEMOMETERS 1 
INFRARED IMAGING 

MOVIES 1 SMOKE GENERATORS 
CAPTI \'E BALLOONS 

FREE BALLOONS 
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T a b l e  A.2. Test Conditions for  Test No. 2 

TRU TEST NO. ,A. NUC T E b I  n2. _ _  

TEST SITE 

CTS TEST NO. 2 

CTS, w i t h i n  a :5 ft x 15 ft screened enclosure 

TEST SAMPLE Fla t  P l a t e ,  T h o m e l  300/Narmco 5208 P la te  

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN Hot Propane EXPLOUE MODE - O P l r l -  
BURN OURATION 20 m i n u t e s  CONFI GURATI ON 4 ea 112 OL C-4 
BURN LOCATION Center o f  P a d  

BURN DATE 1 1 - 1 0 - 7 7  EXPLODE LOCATION Center of Pad 
TIME OF BURN EXPLODE DATE 11-10-77 

TIME OF EXPLODE 

PASSIVE INSTRUMENTATION ACTIVE INSTRUMENTAT I ON 

SP SHEETS 
SP STRIPS 

SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV L A D K H  
MILLIPORES 
PAD COLLECTION 
SWEEP BRiGAOES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

d LED 

MICROUAVE 
BALL 
2 LADAR 

TC I N  SAMPLE 
- - TC IN FLAME 

VE LOC I METER 

METEOROLOGY 

THE RM OC OU P L E S 
VAN E S 
AN EMOME T E R S 

1 SMOKE GENERATORS 

4 
1 

- 
2 

1 

CAPTIVE BALLOONS 
i R E E  RALLOONS 
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Table A.3. Test Conditions for T e s t  No. 3 

TRW TEST NO. 3 NWC TEST NO. CTS TEST NO. 3 

TEST S I T E  CTS, within a 15 ft x 15 ft screened enclosure 

TEST S N P L E  Flat  P l a t e .  Thornel 300/#annco 5208 

1 ft x 1 f t  x 1/4 i n  

TYPE OF BURN Hot ProDane EXPLODE MODE - l P d -  
BURN DURATION 20 minutes CONFIGURATION 8 ea 112 02 c-4 
BUW LOCATXON 
BURN DATE 12- 13-77 EXPLODE LOCATION Center of Pad 
TIME OF BURN EXPLODE DATE 12-1 3-77 

TIME OF EXPLODE 

PASSIVL INSTRUMENTATION ACTIVE INSTRUEENTATION 

SP SHEETS 7 LED 
M I  CROWAVE SP STRIPS ' 2  

SP ROLLS BALL 
TUNA CANS 
BV VUGRAPHS 
CV FRAMES 

BV LADDER 
MILL!PORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 

MOV I ES 

LADAlP 1 
TC 1N S W P L E  2 

1 TC I N  FLAME - 
- VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 
VANES 
ANEMOMETERS I 

1 SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 
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Table A.4. T e s t  C o n d i t i o n s  for Test No. 4 

TRW TEST #O. 4 NWC TEST NO. 1 CTS TEST NO. 

TEST S I T E  NWC 

TEST SAMPLE F l a t  Plate,  Thornel 300/Namco 5208 

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN -P-f? .  EXPLODE MODE 
BURN DURATION 20 miUtes CONFIGURATION 1 ea 2 - oz C - 4 

BURN LOCATION G r o u n d  Zero 
BURN DATE 1-24-78 EXPLODE LOCATION G r o u n d  Zero 
TIME OF BURN 1102 EXPLODE DATE 1-24-78 

TIME OF EXPLODE l Z 4 7  

PASS1 VE INSTRUMENTATION 

SP STANDS 
SP STRIPS 
SF ROLLS 
TUNA CANS 
BV VUGMPHS 
BV FRAMES 
BV LADDER 
MILLIPORES 
PAD COLLECTICN 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

34 
44 

3 
77 

99 

2 
4- 

ACTIVE INSTRUMENTATION 

LED 

MICROWAVE 
BALL 
LADAR 
TC IN SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 
VANES 
ANEMOMETERS 
SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 

20 
6 

6 

3 
1 

R 
d 
6 
1 

7 
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T a b l e  A.5. T e s t  Conditions f o r  T e s t  No. 5 

TRW TEST NO. .A. YWC TEST NO. .&-.CTS TEST NO. 

TEST 

TEST 

TYPE 
BURN 
BURN 
BURN 
TIME 

S I T E  Nk't 

SAMPLE F l a t  P l a t e ,  T h o r n e l  300/Narmco 5208 

1 ft x 1 ft x 1/4 i n  

OF BURN H o t  P r o D a n e  
DURATION 20 minutes 
LOCATION Ground 
DATE 2- 1-78 

OF BURN 0841 

PASSIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 

SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
M I  L L I  PORES 
PAD COLLECTION 

A 
44 

154 
44 

99 

SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

2 
4 

EXPLODE MODE Del aved 
CONFIGURATION 1 ea 2-02 c-4 

EXPLODE LOCATION Ground Zero 
EXPLODE DATE 2-1-78 

TIME OF EXPLODE 0957 

ACTIVE INSTRUMENTATION 

LED 

MICROWAVE 
BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THE WOCOUPLE S 

VANES 
ANEMOMETERS 
SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 

9 
1 
3 

1 

~~ 

6 
6 
1 
3 
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T a b l e  A.6. Test C o n d i t i o n s  for T e s t  No. 6 

TRW TEST NO. 6 NWC TEST NO. 3 CTS TEST NO. 

TEST S I T E  NWC 

TEST SAMPLE Flat P l a t e ,  T h o r n e l  300/Narmco 5208 

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN Hot EXPLODE MODE , a b , # ! ? % ?  
BURN DURATION 20 minutes CONFIGURATION 1 ea 2-02 c-4 
BURN LOCATION 
BURN DATE 2-15-78 EXPLODE LOCATION G r o u n d  Zero 
TIM€ OF BURN 1537 EXPLODE DATE 

TIME OF EXPLOOE 0755 

PASS1 VE INSTRUMENTATION ACTIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 

BV LADDER 
M I L L 1  PORES 
PAD COLLECTION 
SWEEP BRIGADES 

19 LED 
44 MICROWAVE 

7 BALL 
226 LADAR 
44 TC I N  SAMPLE 

TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 

20 

PHOTOGRAPHY VANES 6 
ANEMOMETERS 6 

1 INFRARED IMAGING 2 

2 
MOVIES 2 SMOKE GENERATORS 

CAPTIVE BALLOONS 
FREE BALLOONS 
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Table A.7. Test C o n d i t i o n s  for T e s t  No. 7 

TRW TEST NO. -7, NWC TEST NO. 

TEST S I T E  NUC 

TEST SAMPLE 

3+ CTS TEST NO. 

( C a l i b r a t i o n  S h o t  - No Sample) 

T Y O E  OF BURN 
BURN DURATION CONFIGURATION 1 ea 2-02 c-4 
BURN LOCATION 
BURN DATE 
TIME OF BURN EXPLODE DATE 2-17-78 

EXPLODE MODE -. 

EXPLODE LOCATION G r o u n d  Zero 

TIME OF EXPLODE D823- 

PASSIVE INSTRUMENTATION LCT 1 VE I NSTRUMENTAT I ON 

SP STANDS 
SP STRIPS 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
M I  L L I  PORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

LED 

HICROWAVE 
BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 

VANES 
9 ANEMOMETERS 
3 SMOKE GENERATORS 

8 
6 

-5 
1 
r) 

CAPTIVE BALLOONS 
FREE BALLOONS 
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Table A.8. Test C o n d i t i o n s  for T e s t  No. 8 

TRW TEST NO. ,-. NWC TEST NO. , 4 , C T S  TEST NO. 

TEST SITE NWC 

TEST SAMPLE B a r r e l ,  Carbon C o m p o s i t e ,  AS/APCO 2434 F i b e r / R e s i n  S y s t e m .  

2 ft d ia x 3 ft barrel  cut up i n t o  12 segments 

TYPE OF BURN H o t  DrOD ane EXPLODE MODE .-nu-. 
BURN DURATION 20 m i n u t e s h r n  COFiFIGURATION ea O2 c-4 
BURN LOCATION G r o u n d  Zero 
BURN DATE 3-6-78, 3-7-78 EXPLODE LOCATION Ground Z e r o  

TIME OF BURN EXPLODE DATE 3-8-78 

TIME OF EXPLODE 0757 

PASS1 VE INSTRUMENTATION ACTIVE INSTRUMENTATION 

SP STANDS . .A LED 20 
SP STRIPS 222 M I  CROWAV E 5 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
M I  L L I  PORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

226 
44 
30 

2 
2 

BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 
VANES 
ANEMOMETERS 
SMOKE GENERATORS 
CAPTIVE BALLOONS 

9 
~ 

1 

1 

8 
6 
6 

3 

FREE BALLOONS 
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Table A.9. Test C o n d i t i o n s  f o r  Test No. 9 

TRW TEST NO. ,-. NWC TEST N O . . L , C T S  TEST NO. 
TEST S I T E  NWC 

TEST SAMPLE H a l f  Barrel .  carbon comDosite AS/APCO 2434 f i b e r h e s i n  SYS t e r n  

2 f t dia x 3 ft 

TYPE OF BURN 3p-5 l b s  Mq A1 EXPLODE MODE - 
BURN DURATION 1s t  3 m i n *  2nd 6 m i n  CONFIGURATION 

BURN LOCAT I ON See T e x t  

BURN DATE 3-23-78 EXPLODE LOCATION 
TIME OF BURN 1 s t  1126- 2nd 1336 EXPLODE DATE 

TIME OF EXPLODE 

PASSIVE INSTRUMENTATION 

SP STANDS 90 
SP STRIPS - 222 

SP ROLLS 
TUNA CANS 
BV VUGRAPHS 

BV FRAMES A 
BV LADDER 
HI :t: PORES 
p w  CKLECTION 1 

SkEEP BRIGADES 

PHOTOEMPHY 

INFRARED IMAGING 
MOVIES 

--.- 
2 
2 

ACT I VE INSTRUMENTAT I ON 

LED 
MICROWAVE 
BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 8 
VANES 6 

ANEMOMETERS 6 
SMOKE GENERATORS 

CAPTIVE BALLOONS 3 
FREE BALLOONS 10-20 
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Table A.lO. Test  C o n d i t i o n s  for Test No. 10 

TRW TEST NO. .-- NWC TEST NO. 6 CTS TEST NO. 

TEST SITE NWC 

TEST SAMPLE H a l f  B a r r e l ,  carbon c o m p o s i t e ,  AS/APCO 2434 f iber / res in  s y s t e m  

plus h a l f  barrel  debris from Test 9 (NWC 5) 
1 

- TYPE OF BURN 
BURN DURATION 5 m i n u t e s  
BURN LOCAT I ON 

T IME OF BURN 1601 

See ' T e x t  
BURN DATE 3-24-78 

PASSIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
MILLIPORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGINE 
MOVIES 

90 
222 

30 

1 

2 
2 

EXPLODE MODE Fyrilndp i n  Plume 
CONFIGURATION 1 ea 2 02 C-4 

- 

EXPLODE LOCATION S e e  Text 
EXPLODE DATE 3-24-78 

TIME OF EXPLODE 1605 

ACTIVE INSTRUMENTAT ION 

LED 
MICROWAVE 
BALL 
LADAR 
TC IN SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 
VANES 
ANEMOMETERS 
SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 

8 
6 
6 

3 

10-20 
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Table A . l l .  Test Conditions f o r  Test No. 11 

TRW TEST NO. 11 NWC TEST NO. CTS TEST NG. 

TEST SITE NWC 

TEST SAMPLE Spoilers ( 3  ea), T300/5209 composite skins (or, i  g ina i  ly 
i d e n t i f i e d  i n c o r r e c t l y  as AS/3501), aluminum f i t t i n g s  and 

honeycomb inner structure.  

TYPE OF BURN Jp-5 
BURN DURATION 4 minutes 
BURN LOCATION See Text 
BURN DATE 5- 3- 78 

TIME OF BURN 1045 

PASSIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 
SP ROLLS 
?UNA CANS 

BV VUGRAPHS 

BV FRAMES 

BV LADDER 
MILLIPORES 
PAD COLLECTION 

SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

262 

10 

30 - 
342 

1 
4 

2 
2 

EXPLODE MODE 

CON F I  GU RAT I ON 

EXPLODE LOCATION 
EXPLODE DATE 
TIME OF EXPLODE 

ACTIVE INSTRUMENTAT I ON 

LED 

MICROWAVE 
BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 

METEOROLOGY 

THERMOCOUPLES 
VANES 
ANEMOMETERS 

SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 

20 
4 
8 
1 
3 
2 
1 

5 

3 
3 

3 
10-20 
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Table A.12. Test Conditions f o r  Test No. 12 

TRW TEST NO. 12 NWC TEST NO. l l B  CTS TEST NO. 

TEST SITE NWC 

TEST SAMPLE Spoilers ( 3  ea) debris from T e s t  1 1 A  ( T 3 0 0 / 5 2 0 9  composite skins 
(originally identified incorrectly as AS/3501),  aluminum fittings 
and honeycomb i nner structure. 

- 

TYPE OF BURN Jp-5 EXPLODE MODE FYrilndp i n  P l L u t l p  

BURN DURATION "Iinutes CONFIGURATION ea * Oz c-4 
BURN I.OCAT1 ON See Text 
BURN DATE 5-4- 78 EXPLODE LOCATION Ground Zero 
TIME OF BURN i 234 EXPLODE DATE 5-4-78 

TIME OF EXPLODE 1236.5 

PASSIVE INSTRUMENTATION 

SP STANDS 90 

SP STRIPS 262 

SP ROLLS 
TUNA CANS 
BV VUGRAPHS 

BV FRAMES 30- 
BV LADDER 342 

MILLIPORES 

PAD COLLECTION I 
SWEEP BRIGADES 

PHOTOGRAPHY _I 

INFRARED IMAGING 2 
MOV I ES 2 

ACTIVE INSTRUMENTATION 

LED 20 

MICROWAVE 4 

LADAR 1 
BALL 8 

TC I N  SAMPLE 
TC I N  FLAME 
VELOCIMETER 1 

METEOROLOGY 

THERMOCOUPLES -A 
VAN E S 3 

ANEMOMETERS 3 

SMOKE GENERATORS 
CAPTIVE BALLOONS 
FREE BALLOONS 10- 70 

3 

A - 1  3 



T a b l e  A.13. Test C o n d i t i o n s  f o r  T e s t  No. 13 

TRW TEST NO. ,-, NWC TEST NO. . A , C T S  TEST NO. 

TEST S I T E  NWC 

TEST SAMPLE F-16 C o c k p i t ,  p a r t i  a l l y  fabr ica ted  o f  carbon f i b e r  coinposi t e  

m a t e r i a l  

TYPE OF BURN Jp-5 EXPLODE MODE 
BURN DURATION 6 m i n u t e s  CONFIGURATION 

BURN LOCATION See Text 
BURN DATE 5-5-78 EXPLODE LOCATION 
TIME OF BURN 1145 EXPLODE DATE 

TIME OF EXPLODE 

PASS1 VE INSTRUMENTATION ACTIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 

.A, LED 
262 MICROWAVE 4 

SP ROLLS BALL 8 

TUNA CANS 
BV VUGRAPHS 
BV FWMES 
BV LADDER 
M I  L L I  PORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOV I ES 

LADAR 
TC I N  SAMPLE 

,A TC I N  FLAME 

342 VELOCIMETER 

1 
3 
9 

1 

1 METEOROLOGY 
2 

THERMOCOUPLES 5 
VANES 3 
ANEMOMETERS 3 

CAPTIVE BALLOONS 3 

2 

2 SMOKE GENERATORS 

FREE BALLOONS 10- 20 
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Table A.14. Test C o n d i t i o n s  for 'Test  No. 14 

TRW TEST NO. 14 NWC TEST NO.,-CTS TEST ;io. - 
- TEST S I T E  NWC 

TEST SAMPLE F l a t  Plate,  Thornel 300/Narmco 5208 

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN Hot Propane EXPLODE MODE s n P _ I A Y e L .  
BURN DU RAT I ON 20 m i  nutes CONFIGURATION ea 02 c-4 
BURN LOCATION 
BURN DATE EXPLODE LOCATION Ground Z e r o  
TIME OF BURN -161.5 EXPLuDE DATE 

TIME OF EXPLODE oE135, 

PASSIVE INSTRUMENTATION ACTIVE. INSTRUMENTAT ION 

SP STANDS 90 LED 

SP STRIPS 142 MICROWAVE 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
M I L L  I PORES 
PAD COLLECTION 
SWEEP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOV I ES 

BALL 
LADAR 

7- TC I N  SAMPLE 
TC I N  FLAME 

343 VELOCIMETER 

, METEOROL3GY 1 

THERMOCOUPLES 
VAN E S 
ANEMOMETERS 
SMOKE GENERATORS 

3 
1 

3 CAPTIVE BALLOONS 
FREE BALLOONS 
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T a b l e  A.15. T e s t  Conditions f o r  T e s t  No. 15 

TRU TEST NO. ,-, NUC TEST NO. -&,CTS TEST NO. 

TEST S I T E  NWC 

TEST S ~ P L E  F l a t  P l a t e ,  T h o r n e l  300/Nannco 5208 

1 ft x 1 ft x 1/4 i n  

TYPE OF BURN Hot EXPLLDE MODE Del aved 
BURN DURATION 21) m L  CONFIGURATION 1 ea 2 02 c-4 

BURN LOCATION 
BURN DATE 5- 9- 78 EXPLODE LOCATION Ground Zem 
TIME OF BURN 082; EXPLODE DATE 5-9-78 

TIME OF EXPLODE 1259. 

PASS1 VE INSTRUMENTATION ACTIVE INSTRUMENTATION 

SP STANDS 
SP STRIPS 
SP ROLLS 
TUNA CANS 
BV VUGRAPHS 
BV FRAMES 
BV LADDER 
MILLIPORES 
PAD COLLECTION 
SWEtP BRIGADES 

PHOTOGRAPHY 

INFRARED IMAGING 
MOVIES 

.A, LED 
142 MICROWAVE 

BALL 
LADAR 
TC I N  SAMPLE 
TC I N  FLAME 

343 VELOCIMETER 

1 METEOROLOGY 

THEMOCOUPLES 
VANES 
ANEMMETERS 
SMOKE GENERATORS 
CAPTIVE B A L L ’ W  
FREE BAl 1 n”YS 

1 

5 

3 
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