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I
INTRODU CFION

The nation’s navigable waters provide an efficient means for transporting large
quantit ies of bulk materials. Among hulk items commonly shipped in large quantities
are liquefied tiammahle gases such as ethylene, butadicne and petroleum products.
Since t he transport of such materials generally becomes more economical as the
quantity shipped at one time is increased , there has been a trend to ever larger
shipping containers . As a resu lt of the recent advent of large tankers for shipping
liquefied natural gas (LNG), there now exists the potential for accidental formation of
extremely large vapor clouds. The need to know and understand the burning
characteristics of such vapor clouds led to the investigation reported herein.
Specifica lly, this study was aimed at determining the possibility and conditions under
which a transition from burning to detonation of such a vapor cloud might occur.

Phase I of this investigation was reported on previously (Ref. I). The Phase I
effort resulted in ( I )  a phenomenological description of an accidental spill, (2) an
examination of the detonation properties of fuel-air mixtures , (3) a qualitative theory
of nonideal explosions , and (4 ) a plan for Phase II of the program.

This report provides a limited discussion of the Phase I results and details of
t he Phase II e ffort which endeavore d to quaiitify the explosion hazards associated with
large spills of hazardous materials such as LNG and liquefied petroleum gas (LPG).

PHASE I RESULTS

The description of an accidental spill was studied to determine the magnitude
of the vapor cloud formed and the conditions t hat might affect the burning behavior.
The primary fuel of interest was methane since it is anticipated that large quantities of
LNG will be imported into tile U.S. The detonation properties of methane were
invest igated both theoretically and experimen tally to determine the properties for
damage predictions as well as to devise instrumentation for later experiments to detect
a detonation.

The theory of def lagrations in fuel-air clouds was examined by Professor F. A.
Williams of the University ot Cal ifornia. San Diego. The conclusions reached by this
study were

A damaging pressure wave cou ld he produced by a deflagration, but damage
would be restricted to approximate ly the area covere d by the cloud.

2. The development of a detonation from a detlagrat ion does not appear likely.
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Ide a l detonation properties of fuel-air mixture s have been calculated using a
computer code. This code assumes chemical equilibrium in the detonation wave and
calculates detonation pressure, t empera ture , and velocity as a function of initial
composition. The calculations do not determine if the mixture will detonate : they do
predict t he properties of the detonation if it should occur.

Some results of these detonation ca lculations are shown in Table I. The
detonation limits are generally narrower than the Ilammability limits and are dependent

TABLE I. Calculated Detonation Properties.

(‘ii Ill Pu S h  hOllY F~IIi pera I U fL l’r~ ssu re.1’ v~
. ii ~~ LI L.C Ui 1.’

UL K liar’ 111/ ’ volume volume ~
Aflifl iuinij 2 1 . 8 282 (1 I 7 .1) 188(1 15.0 28.0
Butadien~ 3.67 3100 19. 11 1840 2.0 1 2.0
Ethy lene 6.53 3 1(81 I 7.8 18 4(1 2. 7 36.0
Ethy lene o’.idc 7 .73 2951) 18 .4 183(1 ~,6 100.0
M~thunc 9 . 48 278 (1 16. 3 81( 1 5. )) 1 5.0
Propane 4.1)2 2820 I 7.~ 18( 1( 1 2.1 9.5
Vi ny l chloride I!.! 282( 1 19.! 181 ( 1 3.6 33 .))

U Stu,ichionielric eOif lpOsI( i uu f l  ass U if l i f l e  i1~0. (0 2 products . peRent by vui lunic .

( alculatu. d ( t i  e at Ure prcs surc and velocit~ at the stoichiom et fIt coniposithuin.

I ~periune ntaIIv deterunincd h u n  ci and upper tianimabihity loni ts ( tuuun ~I larntnahilit~ ( lharatl1rls!l of
Combustible (,a~~s m d V ,u;iuu rs .” by (.. Zaheta k is . Bureau ol Mines . Bulletin 6 27 . 1965.

on the strength of initiation. The detonation properties at stoic hiometric composition
are not widel y diffe rent for  the diffe rent fuels considered. However , differences are
appart~nt when the ei~r~es for one of the propert ies, such as pressure versus
concentration as shown in Figure 1 , are exam ined. Note that fuels such as propane
and methane have relatively sharp peaks: fuels such as ethylene oxide and vinyl
chloride have rather broad peaks. This suggests that methane and propane might have
narrow detonation limits , should they detonate , and ethylene oxide and v inyl chloride
might detonate over a wider concentration range. The vertical lines on Figure I are the
flammability limits.

The detonation tube facility consisted of an 0.6-meter diameter steel tube with
the following attachments: a gas introducing system , piezoelectnc gauges for measuring
pressu re and velocity, and thermocouples for measuring temperature . The arrangement
is shown in Figure 2. This I~icility was used tot two types of experiments: detonat ion
and burning. For the detonation experiments the tube was I .~~ meters long, for the
burn exper iments 3.6 meters long.

In ti le detonation experiments , all cx p los iv e booster was placed at one end of
the tube , both ends were covered with polyethylene filni. and a known amount of fuel
~~~~ introduced. After mixing. the explosive booster was detonated and the results were
sensed by transducers in the side of t ile tithe.

4
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Results of these experiments are shown in Table 2. With methane, no reaction
was observed using a small booster (5 grams tetryl); using a large booster (90 grams
sheet explosive) gave the results shown in the table. Notice that the pressures and
velocit ies were far below the calculated values. The detonation limits for methane
appear to be 6- 12.5%: although, with the low extent of reaction observed , it is
difticult to determine the limits accurately. The results for methane are somewhat
surprising since Kogarko (Ref. 2) obtained detonations with the calculated properties.
The propane results were obtained with the 90-gram booster; with the ethylene oxide
the 5-gram booster was sufticient. The purpose of ’ these detonation experiments was
not to obtain precise measurements hut only to verify t he calculated values and to
demonstrate that a detonation could occur.

TABLE 2. Measured Detonation Propcrttes.
F’vperimcntal I . hi UI.m (C u

lue l Concentration . Pressure . VeI ucmt ~ . Pressure. ~c Iuucit ~
volume bar oh / s  bar fil 5

Met hone
(90 g bo os te r )  5 .)) 5 4 950 II.! 1490

6.1) 5.6 950 1 2.6 1590
7.0 6.5 lOt ) )  4 1 /  1675
8.0 5.4 1030 15.2  1730
9.0 7 .(( 10 30 16. )) 1780

10 .0 7 .8 11)50 16.5 1820
1 1 .0 7 1  95(( 16.6 183(1

2 .)) 6.6 910 16.4 1820

I’ruupa rme
(9)) 

~ booster) 3.0 13 , 7 17 10 15.2 1675
3.6 15.2 1800 16 .6 1 750

I t h~ line u, ..iuj c
(5 booster) 5 .4 15.5 177( 1 I 5.5 1 700

9.7 17 .1) 1 840 19 .6 1880
19.9 19.5 181(1 19.9 1900

In the burn experiments , one end of the tube was closed with a steel plate and
a spark was used to ignite the gas mixture at the closed end. A high voltage firing
unit (3000 V , 10.5 J) was ~ised as a spark source. Fine thermocouples (28-gauge) were
used to sense the flame front for velocity calculation , and piezoelectr ic gauges were
used to detect pressure. The results of ’ t hese experiments are shown in Table 3. The
pressures obtained were less than predicted by Kuhi , Kamel . and Oppenheim (Re f. 3).
perhaps because of t he shortness of the tube (3.6 meters).

These experiments indicated the order of reactivity for the fuels as methane <
propane < et hylene oxide. Also , the j ressure s generated were low , and the spark
sourc e, whic h would he used in later experiments, did not cause immediate detonation.

6 
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TABLE 3. Measured Flam e Velo ci t ies and
Pressures.

I 30)10 , 10.5 .1 . spa rk ignition source).

( uu f l cc f l t r a t  t ou t , \ elocut y. I’ressure ,l uel so lume . u s  bar
mulelthane 8.0 4 5 (1.014

9 ( 1  63 0.1)19
9 5  58 (( .019

10 .0 55 0.0 26
l’r upane 4 .0 128 0.034

5. )) 91 (1.033
I t l ty kne osm d e 6.)) 1 16 (1 .061

7 .0 233 ( .1 1(1
7.5 270 (1.1 2))
$A) 1 3)) 1.076

H E M I S PHE R E  B URN TESTS

l)etonat ion propert ies and early tgii ition behavior can be studied with small
scale experiment s . l- lowever , the evolution of combustion in a fuel—air cloud , including
flame accelerat ion and transition to detot iation if the~ occur . can only he studied with
large r scale tests. It would be desirable to study the burning behavior iii completely
uncont ined clouds: however, it is difficult to control the position and concentrati on of
the tiiix litre when unconf ined. Therefo re . plastic film hemispheres were used to contain
the mixture. The calculated internal ~~ CSSt1~C necessary to burst the film is yen’ low

1 .4 x 1fF 3 bars ) and its thinness and low det isity should produce weak pressure wave
re flections , so tile presence of the film was predicted not to a flèct the burning
properties , and no ef ’fect was uletected in the tests. The hemispherical shape maximizes
tile flame travel d istance before a boundary is reac hed t’or a given gas vo lume and film
cost.

F X P I  R I~s 11NT ,’\E EQUIPME NT

The exper imental arrangement for the 5-meter- radius hemisphere tests is shown
in Ftgure 3. The arrangement for the lO-meter-radi uts hemisphere tests was similar ,
except a large r fuel line was used. The air was introduced into the hemisphere by a
centri fu gal blower via part of t ile instrumentation channel. It was found that the
blower inflates tile 5-meter- radius hemisphere in about I hour. Additional t’ans were
used during the fi rst part of the inflation of the 10-meter-radius hemisphere s to
decrease inflation time. The inlet to the hemisphere was covered by a “f lapper” valve
which directed t he incoming air tangentiall y itito the hemisphere , producing turbulent
mixing. When the blower was turned of ’f. the “flapper” valve c losed , preventing escape

7
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l i l t RI “ I i )  fl i R.idiii’ II. 

ihL’ fue l I t’  he it iv csl eatcs l  ss .Is ltl t r Oc l ( tccLL into the hetnisp hcrc 1 r ’ / l g ~/ a

30—m e ter—long tube ( t \ ~~t tubes or t i t e  lO — i t te t c u — rac l i u s  i t e t t i t sp l t c t c )  I Ft / I l  st o ra ge 1,111k”.

conta init ig t he j s r ’r atuount of h i d  to g t \  c t h e  t l c s l t c t l  con c dt i t l a t t on .  I or the luck
sto red as h iqi t i ls  I pt’O p~1ii e . ht lt . IdtL’t ld . •hi ic l  c t i t ~ 1L ’ t i d O\ide I. a 101 \\ .it~~i h . . i l  L’\c ih at t ger

~ is use d to  va port/ .e t he fuel.
[he f uel—air  i u I \t u re  \\ as ignited ‘V  .1 ‘sp; t r k. I he equIpment used ~s Is an

cxp tod itt g hridgew ire det o na t or  tiring 11111 1 ss hicli con”.tste d u t .h 3— ~ 
I c a pac i tor  c harged

to 3 kV ( I  3.~ it ’u les stored energ Y I ~ hitc li / l i s~.h.t t ’c~l t ) 1 I ’ / I g t l 2 ’ . (t tuet e rs of ’ ~,‘a\Ij l

cab le to a I .t~~~ tt~t t i  cap . I u s  un it Wa s used ‘diJ l isd it S’. . I s .h i re .Rt\ .is , iu i,il’ie at t h e  t e s t

sit e . it ’ d becaiIsL ’ it gave a S u h t k  ue i i t l~ I’ rtg h it  s ,~~: L h I  he sect ) oil tile ‘ I i o t u u p t e p h s .

1 bus mar king t h e  t ime of cu lt  I / l u .

Recent sv rk h\ .1 . II. I cc I Re) . 4 )  indicate ’ t h u . i t  s l e tou tu t i o ns  can ‘c direct l~
it iit i.tted in s i /h ue g.ts uui \ lurc s I .t spar k. fL~ lose of t i tu s p~’ssi hillt\ . t h e
c ha ructen s t ic s ot t i le st / a rk  useil ‘.~ e t c  t~c ur. i tc l~ de ler lntt lc. I . I ) e ta t ls  o h thes e
meiusuret i l e ul t s car t he hound in ,\~‘pet idix . \ I hu e results indicate th a t  the cuuerc \
d i s s ip at e d in the spark up to the first quarter ~~‘ d c  ‘5 .15 ~~~~~ J ct t i  at i d the power Ie~eI
was 0.~ t~I MW cm. \cco rd iug to l e e  .i sp.t rk w i th  the se eh.t i ~i c t c r t s t u c s  ~ ot i lsh be
suf f i c ien t  to u l i t i a t e  a detonation in an ,icct ~ le i ie—oV ~gct1 it t i s tu re  . .i,, uuuec the mixl th rcs
utsed in Ihe hem isp h ere hitril t e s h s  arc t t i t t c l i  less set /s i t  \ e than , i c e t \  le ne—o s.ygen. the~
wou ld not be e \p ec tc d  to th e lo t bl te directl y I’rott i t h e  spa rk.

i’ Io ’ u c l . / p llic cos ~~~~~~ or t u e  t esh ’  ~~~ provided ~~ 100) )— .~i) Ut)

f t a t i i e — p e t — s cco n d and 40() t raiu ie— per — se c o nd c t m u u c r i s  pos itiot ied at cr ’uii~I Ic~e1. Iii
addit io n. Iut t  l c s l s  4 through 10 . a l OOt) t ’ra tne— per—s econ d c ,t iu i er a w a s  sitspc t ided 40

ti ie l crs o sc r t i c , i u t . Rcc itusc of  t h e  ~ht i icu hh~ 0) pred ise t \  a lt t l ing  lhe over Ile.m ~I cat liem. .1

short focal Ie mi g t i )  lens ‘~\ ts used ci’ iug a \\ tde hie ls h 0) ies\ . I e s t s  4 t lnoiigh l~
) 
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conducted at night. In order to provide a dis tat cc scale on tile f iliti for these l es t s . a
flashlight was placed at each side of ’ tile hemisphere and pointed at the cameras. For
the day light tests , tile film was exposed for atllhiet lt light. For tile Ilight l e s t s , tile
lenses were opened two f~stops. A time mark generator placed lime marks on the fill))
for accurate frame rate dete rniitiation.

The pressure measuring equipment doi lsiSted of eight pietoelectric gauges placed
flush with or near the groutnd , and in a ii lle irolIl the center of the hemisphere to i ts
edge. For tests I to  10 , odd—numbered gauges w e re calibrated for a maximum pressure
of 20 bars, even—numbered gauges for a lllaxitlltlIll of 2 bars . The gauges were
calibrated ill this manner to ensutre a recording of pres’~Ire whether or not (ietOtlat iOn
occurred. ‘file odd— nuttnbered gauges would provide a ri ion 1 of detonation; low level
pressures would he recorded by the eve ll—num bered gaIu~cs if there were no deto itat iOll.
Since pressures were not detected in tests I to 7 and only a very slight indication of
pressure was recorded ill tests 8 to 10, all gauge s were subsequently calibrated for a
IllaxhIllUtlI pressure of ’ 0.8 bar for tests  II to 18.

It was found that electrical noise in tile system limited tile lowest pressure that
coulul be recorded to 0.1 bar. Tile output of the charge amplifiers was recorded On a
high speed inst ru ment;t t ion I ape recorder. One chanilel of tile tape also recorded time
si gna ls so a time base v~ as a~ ailahlc. A signal fro m tile ignition soutrce ( spark ga~1 I was
recorded and . s ince t he flash fro m t h e  spark was visible oIl the photographic coverage.
botil the e lectronic :tnuI photograp hic record it lg s\ s t e i i i s  had the sa m e zero time.

In an a t tet l lpt  to detern iit ie t h e  e f leet of perturbations on the flame front.
t hree ty pe s of obstacles v. crc i)Iaced in tile iletllisphere in test 6: ( 1 )  a steel grid 0.5
tu / 1.5 itt placed flat on the concrete pad to increase sutrface roughness; ( 2 )  a steel
grid 0.3 iii x 0.3 to ( 2~ -tu nl—s qua re gnu holes ) placed vertical to tile ground and facing
the ignition point to increase turbulence of the flame as it passed tilroutgil the grid :
and (3) a structure bu ilt of 50 x 150 X 150-111111 steel blocks which i)resented a 0.3 X
0.6—rn reflecting sui rf~ice to tile fl anle , and included a 0.5—rn long tunnel with a
150-mm-square cross section for the flame to travel through. The open tubes of test
II were placed on the concrete test pad radiating from the ignition point. The fan
was placed oti tile opposite side of tile ignition point facing tile tubes to ensure tile
mixture entered the tubes. The wire screen cylinder of test 1 2 was 500 mm in
diameter and 240 rnni high, made of 0.7-mm diameter wire with 5.5-mm spacing.

EX PERIMFNFAI PROCE1)URE

The general procedlhre for tile test s wa s as follows:
I. Measure a nil cot in ccl fuel supp ly.
2. (‘heck press: re t iieas ui ring s vs tdtl l .
3. Load fil ill il uld check pitotogr a pil ic system.
4. At tacit plastic fil in hemisphere to frame on ground.
5. Start blower.
6. W ilen hemisphere is ahoitt half f ’uII, turn Oil hlasilligilts . Open filet valve , and

clear area.

10
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7. When hemisphere is full, turn off blower and wait 10 minutes for turbulence
to subside.

8. Start firing sequence. This sequence tiutomatically starts cameras and tape
recorder, discharges capacitor (10 J, 3000 V) to spark gap to ignite gas, and
stops tape recorder and cameras.

The test sequence and conditions are shown in Table 4.

TABLE 4. Test Sequence and Condil ions.

_________________ _________________ 

Ucn8sphere Bul ii Tests

AituhientI csh C ofleeflt r.i t ion .l uel t e mperatu r e . Reci ar ks
no. v O l u m e  .

I Propane 4 .0 30 I)’ay h iglst tesI~ flame barely vi~ihle.
2 5.))  3)) (i~ncefltrj t iofl increase d iii enhance s is i h utj is  . Mi~ i uu r t ’  pre-

IFIut c d by s t a t  ic diseltarge. No data.
3 5.0 3(1 I lame barel y visi blc; al l subsequent tests done at night.
4 5.0 21)
5 Methane l0.(I 20
6 Propane 5.)) 2)) Obstacles place d in hemisphere to increase turbulence.
7 Methane 10.0 20

II) Meter Radius h e m isphere

K E thylene oxide 7.7 8
9 7.7 8 Instrumentation tau lure. No data.

III 7.7 8
II Propane 5.0 27 Open tubes 2 meters Ion~ and 51).. 1(10.. and 1 5(I’nint

~~ di am eter , placed in hemisp het e . I in used in this and
all subsequent tests t o m  nsu re unif o nu mix in ri a nil t ha I
tni ~ tur e ~ as in tubes ,

12 4.)) 27 ‘~ l rs’ screen cy l i nde r placed over ign ition source to

increase turbulence.
13 Methane 10.)) iS

— __________________ 
5 Meter R~nlmus Ilemmsphcre

14 hthykne 6 5  IS
I S A c etylene 3.5 8 Acetylene cylinders did tto i com phete b empi , c t s  iur ~

h iss outucent rat (In.

16 Methane 10,11 8 lh’Iuunation test.
17 llutadiene 3.5 1(1
1 8 Acetylen e 7. 7 10
19 Methane 10.1) 30 I)eio nat ion test.

The films from the tests were assessed using frame-by-frame analysis on a
project ion comparator. The frame rate was determined from the timing marks, and the
magnification by measuring the image of an object of known dimensions. Time
measurement was accurate to better than ± 2 Ills and distance measurement accuracy
was ± 20 mm to ± 100 mm (depending on image sharpness).

The pressure record on the instrunientation tape was assessed by playing tile
tape back throuigh an oscilloscope and photographing the trace. The oscilloscope trace
could then he compared to calibration curves for eacil pressure gauge to obtain
pressure measurements.

11
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I)etai led ohser~ ;itiolls i’roiil cact I hemisphere lest are provided in Appendix 13.
Qualital Ivt’Iv, all tests appeared similar. ‘Flie photo record showed the ignition spark
f’ohlowed by about ;t 100—Ills period when the Ilatne was dif f icult to detect. t he flame
t hen . ppeared as a blue , e ~ pand ing lte iii ispitere . As t he flame cx panded . it became
rough wit h a ‘‘ pebbled’’ ;lppeil i—atic e . ‘I’his st rt ic ’t tire increased in site to about 0.4— I .0
meter Wi t :1 tiller s l ructure si tpenui ti posed. I hie i r ias i  ii ’ 1111)1 tore at I lie base bet wecn
300 :11)11 400 ills ( fo r  the 5 - t i tc l  c r tes ls  1 and t h e  entire hleh)li s p i lc re rose vertically.

Man~ t es t s  d t t ic rc sf  som ewhat iroti i I h i s  generalized picture. l’he plastic flIm
;iis~ : IVs tore at It s  bass ’ where II ~ as ; It I ac hed  to t he wooden ring: however , ill SOi1l~
tests , the fi hm t i tore t Im t sVi l l  mIl et Ft :ahl and lifted oil , d u e  to c’x l)ansiOil during the
com bustion pro ess . hv lilt ilIg or rot ; l t i t i g  a round the region w h ere it remained
attac hed. Depending on how s t romiglv I lie film was held . I lie flatlle sllape was ii istorted
away fro mo the held [eg loi l. Flits w as t iol a serious problem . hut it did represent a
deviation f ’romi i the ideal ~ nlt)let n eal coltlbustion.

Another ii itlere i:ce in sonic of t u e  lests was multiple igilition of the cilarge by
flame get timlg ill 1(5 t h e  11)51 rumenf d11;l Inlet ;IIIJ accelerating because of doll fi Ileillent

This flame traveled ahead of I lie main flame amid f lien broke out of ’ tile cil;l tlnel ,
igilititlg t u e  tilaill c’omhust loll mlli\ l nrc at a nuhllher of points inside I lie h)ehlliSphene. in
some tes ts  this behavior c a u s e d  :1 series of spht’rica l flames of dii icreilt SI/i ’S to appear.
These ive it tua l ly coa lesced ‘t it hioul 1101 iccahlc acceler at lulls. It should be empilasized
t hat , ev en t hought f l its behavior dc I roved sv tt i  itch rv and produced ;~ variety of ’ odd
shaped tialIheS, t he yen coni plex h a  Pl~ propagat ion Pal fe Ills I hat occurre d did not
produce Iloticeahie acL’eler;It tolls i ’ I he l~:lI1lc OF ;It t\ of lien i illporl ;ltlt Ilhiusual ef ’fects.
In tact , it was surp rising that .  L’vct i w hct i I h e n ’  W as \ c ’I V unusual flame prutpag;It ion.
tile final flame olunie .Ilst .ivs retained :1 relat ively hemispilenic;Il shape this simply
indicates that cx pailsioll of tile prod ucts beilind the fl ;tmlle tends to pusil t h e
surround i m g  gas uniformly in all direct ions so I ii;iI rougIllv spllenic’al symmetry is
maintained ill t Ile final flame srl umll e.

Ill IlOflC of tile 5-I lle len tests  was a pressure W ave recorded. Thlis result agrees
wit h tile subjective impressioml of persomit ic l at the test site tilat lit t ie sound was
produced . Tilis result is perh:tps not sunprisillg since Kulll et al. (see Ret ’. 3) ll;lV e
predicted h Ilt a flame speed of hO Ill/s should produce :1 pressure w ;ts e of 0.1 bar and
t he lower limit of detect lou of t lie et~uipnle nt u sed Was 0. I bar. Pressures were
reconuleul ii tiring c t hiy lene (5 xiii e te sts :  ilowcv ’ ’r f i le sign ;h I s were barely det ect able ;t ild

dif ’ficult to d ist inguisil troll) the signal L;lused by t lie hc;tt imig of liii’ gau ges by liii’
flame.

At i example of the measuremetlt 5 Il lac le t r o l l) burl ) t cs l  S photo records c;t 1 be
found in ligures (i and 7. (‘onipk’te results arc given in Appendi x ( . t he horizontal
radius of the flame is measureul troll) tile igtlit ioll po ill I to the flame boundary ;lt a
distance of ’ about 0.2 meter up fro m t h e  concrete pad Si) t 11:11 dist u ’ t t  Ion d tie to the
surface woLhld ilo t af ’f’ect t h e  illeasurcillellt , Ihe iloni/ont I I ras h i t t 5  s ’ rs u l s  t imu i c  curves
were straight lines in all cases itld leafing a coilst .it it V c ’IOdIt V . It is .Ih5p;l reilt (especiall y
ill Figure 6) t hat tile curves do ilot pass I hlrougll tIle origin. II lx possible that 501111’
time is required to build up to constant 11:1 til l’ \d hodlt  S t i t le , perh.ips , to I lie

17
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developnlellt of turbu lence. If th is tu lle to build up to constant velocit is not
reprod ucible, it won Id cx plain why the curves appear ul ispla ced. I Ildeesi . it ’ 1 he t line

axes are shif ’ted , m~iam~y of tile curves can be sutpenrnposed.
Tile vertical radiu s is measured frotii the ignition point vertically to tile top of

t ile flame. [he vertical position ve rst us t lt ile curves are not straigilt lines butt show t h at
t ile s e loc uty is ;lcceherat iilg. However, t h e  velocity .Ippeans to he readhl itlg a limllitillg
va lue especially ill the I O—nleter—ra dius tests. Table 5 summarizes tile results of t h e
hletllisp hiere tests .

I’\RI h . S . Sui it itiiar ~ o) R~ c ut t s  ut h lc tt r is p hic rc T e s ts

5 S t 1  i~ ahIi’ru,iini,iI
l is t  Si,~ . ( ,iircc’ni l i t  liii . sc i ,, i t s

I isci
met e r ’. s iiwnc i t  ‘ in. i t  S iii

In
I l l s iii

S S Slet li ii, t Ii,)) 5 5

~ 1 0.4 ) ,. ‘~ 7 . )
1 %  i i)  l i i i’  5 . 2 ~~~ 8 9

I 5 I’r, ’pans 4 ( 4  P 6 ,3

t 2 I)) 4 11 (~.t ~. s 1 ) 4 ,6
3 ‘ S . ))  ‘~ 7 4
1’ 5 514 1i,’) i) ,5
$ S S i ,  ‘ 5 3  ii ’

h i  hO S I )  9,(i 9,9 I 2±
Ii) I f ’  I tb i~ I, ii, i’’sli t i,’ 7 .7 3 ,4 t S .2 2 2 s

$ 7. 7 14 7  i6 .4t 2 2 4
14 I th ’, tenc 6.5 5 8  1 7 3

‘5 5 ! ’ .  . i i , ~ I S  1,6
IS S 7.7 1~ .7 35 ,4
17 5 hhut , udienc ’ ( 5  ( 9

a Iturnune )LIe h Ifl t u e  l Ist  ruincnt.Iiion cltj nt is ’h dts i i ,r lcd t i re s h i ps ‘I itisI

h a m s’ ,und no h,,ti ,iimut ,iI sel su c t i  s ii!,) he iiht ,ij its ’sI

I ~~~i ps’ r hs r mtss i  ii , l , i s i i h,! ~utsI h i immc h i s s ’ ‘.s ,is mtmsr iu ) i s ief l thi  s i s r h s i s  b ’ ’ t

t io rt ,o ni, i l sc! ,  s i t  t i  4w ,ht ,uincd

It was expected t h at several flame acceleration processes would be observed
during tile tests. Bouindary layer ;lcce lcnat iot l along t i le s it nt’ace of tile path was
e xpected and observed as ;i distort ion of t h e  hemispherical silape of tile f lanle at tile
base . The acccler ;ltiofl was Ilot prolloulllcech . how ever , even in test 6 wh ere a steel grid
was placed on t lie pad to increase rougillless. it is possible that su ffick’nt turbulence
was already preseill so t ilat boundary layer—indulced turbulence did ilot .t l)t ruec iahl~
iii c rease fla li lL’ ; ‘I) )C it y. Ill is tu lrhulet lce , a pparet i t over t lie entire flame ilem ‘~phiere . dkh
increase t h e  ve Ioc it~ well oser t h a t  expected Inolll a laminar f lame. A discussion of tile
c;IitSe of t ills general turbulence can he found in tile ilcxt Section. T h e  general
turbulence also Illaske d tile turbulence produceul by the wire screen placed over tile
ignition point ill test I 2. Wagner (Ret’. 5 )  ilas observed th lat a screell grill increases
flame velocit y greatly.

14
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Tile buoyancy of the hot colllbustion produicts is probably the cause of the
difference between t u e  Ilorizontal and vertical flame velocities. A rough calculation
based on Scorer (Ref. 6) yields approxinlately tile velocity diffe rence observed.

The obstacles placed in test 6 and tile open tubes in test II did not
appreciably influence the flame : Ilowever when the flame reached tile 2- by 6-inch (5-
by 15-centimeter) wooden ring to whic h the film had been attached there was a
noticeable acceleration.

AUGMENTATION OF FLAME VELOCIT Y BY TURBULENCE

Whe ll a volume of a fuel—air hllixture is centrall y ignited , the flame ~ OVCS
radially outward from the igmlition point. One effect of tile flame is to raise tIle
temperature ‘and , t hlus , f’or a constant pressure process , expan d t h e  gases witilill the
flame envelope. Th is expansion causes t h e  flame to have a llighler velocity thlan it
would have if I’O expansion occurreul. Thus, the measured velocity is made uip of an
expansion component and t h e  basic flame speed (S). Thlis fla iiie speed may he
calculated by multiplying the obse rved flame velocity by tile demlsity ratio across the
flame. The density ratio can he calculated from the temperatures and average
molecular weights before and af ’ter hunmling. The resuilts of ’ Sulch calculations for the
gases tested are shown in Table 6. T he flame speed so calculated is labeled S’ . TIle
literature value for the lanlinar flame speed is giver) as S. The ratio of calculated speed
to laminar speed S/ S  is labeled ~~~. It is proposed tilat tlliS ~/ is tile augmentation of
the fla tlle due to turbulence ansi , as can he seen , varies from 1.6 to 2.1 f’or all of ’ the
fuels except butadiene. As noted ill tile description of ’ the individual tests , Appendix
B, the conceiltratioll of hutadiene may have been low due to iilcomplete vaporization
of t ile f um e l .

1 Al3Li: 6. A ugn lent at jo l t ol Flame VCIOCII v by lurbuhenee.

l)ensitv hio ri ,si itt a l
( s i t t c ef l t r .u t t o t t , I I~itiit ratio thins’ 5 S. ~I nd tem p.,volume O

( a ~~~~~~ v et ,> ’ .  it y , in S Ill;~S

h1~tttc it s ‘ s
Methane l O t .) I 960 (b . 13 1 5 . 8 44 76 (1 37 2.
t uhylene 6 5  2141(1 4 4 1 3 7  8. 8 1.2 i 0.75 1.6
‘sss ’ t~ iene 7 .7 232 5  O .t 12 23, 7 2 4 ’S ( 51’ t .7
Propane 4 .0 198(4 i f  12 8 h i  0,78 ( 14 3  1, 8
Ilut,udiene 3.5 2 1 > 8 4  14 ,117 3 9  4 4 46 f l h b i  ( 4 5
I liv end isi dc 7 7  2 4 (4 O t t  3 14 .1) 1.58 1.111 1.6

a i d ll,irnett It ( and IIit~lrj rd , ‘‘ll.u’.i’. (‘r, ns id er a iu i nts in the (i i t i ih t t ’ .ui i i i ; it
h ivdrocj rhmun I uels wt t  it A i r , R . K ,, xa u s ina i Advi ’ ., , t \  (s r t t tmi l  lee for As ’ r i ’ n,r i i l  cc .
Kepiu rt \ ‘  1 3 4 1 4 4  l’iS’I . Pp. 2~ 6.8.
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The turbulence noticed in tile flames could be cau mse sh by a mec hlall isru

proposesi by Landau (Ref. 7). According to this Illecha ilislll , an itiitial iflcipiellt
wrinkling of the tlame fro n t caumsed by concentration or teinperat uire ill ilOfllogelleities
(or in the case of tile present experiments by the ignition spark ) is amplified because
comllhustion products moving nortllal to the flanle front . orlverge hehind any bulges
and diverge behind depressions. There fore, t he pressure of the combustion prouiucfs
increases behind bulges and decreases behind the depressions. This pressure tiifb.~rence
cautses an illcreaSe in the wrinkling of ’ the tianle I’ront , thu is an Ii , ’ rease of the burning
sur face area and an acceleration of the flame velocity. A descnipt~ in of ti ns pro c ess is

givei~ by Shchlelkin and Troshi l l (Ref. 8). They cite experimenta l evidence that tllis
tur bulence becomes significant wilell tile Reynolds nuillher becounLl . greater t han  I o~
l’hte Reynolds nulllber (R~ 

) is defined as follows:

where p is tile density, S t h e  lanlinar flatlie velocity, R the radius of the flame and p
the viscosity. For the fuels tested , the Reynolds num ber is above I ~~ t’or radii over
0.1 to 0.5 meter , depending on the fuel. Thlus, tile turbulence described would he
significant in these experimeilts. it is interesting also that the calculated radii are the
radii w hen the flames first become visible.

Based on sillall burner experiments , Bolhinge r ansi Williams (Ref. 9 have
reported augmentation ratios (

~ ) for Reynolds numbers equal to those in the
henlisphere tests between 1.5 and 2.0. Thus, the aumgmentation observed is in

agl’eelllent with Past experiments.

HEMISPHERE DETONATION TESTS

Two atte m pts were made (tests 16 ansI 19) to detonate a stoichiometric (10’
by voluime) metilane - air mixture ill 5-meter- radius hieniispheres. Tile experimental
arrangement was the sam e as for the hemispilere burn tests except solid explos ive
boosters were ulsed atld the camera s were nutt ~ at 8000 frames per second In test I ~i a
1 .3 5-k g and in test 19 a 2.05-kg llelllispherical Composition B booster was Used. Tile
photo recorsh fro m both tests appeare d similar, On initiation of the booster. all iti tense
ligilt appeared f ’ronl tile detonation products. These products expanded rapidly to

about 3 rileters . tilen a blue flame front hecaille visible. ihe flame front ~x pandesl
muc h) more slowly lila’) the initiuth detonatio n prosluct expulnsion. Figure ~ is one

16
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frame from the high speesl photo record of test 19 . The position of ’ the Ilanle front in
tests 16 ans I 19 are shown in Figures 9 at~d hO . respect ively.

Tile flame reaches 3 meters in 3 Ills. t hetl expat isis at a velocity of 34 ill/s.
This is a higher velocity than previously observed. pcrhlaps because it is 1110 V ing into
shock heated ansi accelerated mixture. Figure 10 also shows the position of tile shock

8 -

o
O~~~~~~~~~ O ; O ~~~~~~~~~O 4 ~ 8~

TIME , m~

FIt ;t RI 0 Ft,iuui~ P i rs t tj otu, l)s’t i it iauj oti Test ~ t
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FIGURE 10. Flame Position , Detonation Test l0 .

wave as recorded by tile pressure gaulges, and the Lime the plastic tilnl tears. Figure II
shows the predicted pressure from a 2.05-kg solid explosive I Ref. 1i . ac tuta l
measuirements from a booster only, and the measurements from test 1 9,

4.0 -

MEASURED

• COMP B

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

J

~~NE —AIR 

PREDICTED
2.05 kg COMP B•

0 1
2 3 4 5

R . m

FIGURE. Ii. Pressure Measuret iiet it . l)elonatirin le st .
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1is’i, t t t s s ’ lli~’ c i itis ’k %5’~ i 5 L ’ IlIt )V (’S aW ~I’~ 11011) t h e  f l u l p i l e . at id i l l s ’ f laiiis’ rc: ts h ies it

co t isf , i t i f  vs’locil~ f~In less t h t i t t i  f i t e  if e t o t ia t i ot i  ve l oc i ty  ( 1810  mIs), and t i t e shItick wave
s 1(1 f a r  less ( h ia t t  t h i s ’ ~ls’f t i t i~t f i t t t i  f s rs ’ssure ( 16 .3 bars), t h e  eV ids’ lIce ii idtc alc ’s it

sus la it is ’d ds’ t o t iat io t i  did tiot oscUr. ‘ h u e  pressures ttte as i i retf b r  (its ’ t ue f l t a t ie—a i r
t t i i\ l i t rs ’ sss ’u e gus ’ais ’i hh i ii t i s’tf his ’i isrs ’di cts ’d or tl leasr lrs ’d for t l t s ’ booster aloiie. 1 ll~’s
cot i ld t t i t v e  heett s a t t sL ’d Isv pa t l t a l  l ’ , i s l t o t i  of t t i s ’ l f i i t t t e i t t  f i t e  s itoc k w ave I Its ’ f a th u r e
l s  &r l s t , t t t i  .1 del s t i a l t r t t  is t i  dicitgi s ’r ’ iit s ’iif ~V I t h I  t h e  svir ik f Kug~InIs I Itc h , ,S~ ) ls t t t  iS
s t ~t t ’ ,t~ l~’ Itl ss t i l t  Ih i ,t l  t sl f t t uh l  s’I ;t l, 4 I~el . 1 ( 1 )

t his l . i l ts ’t t ess ’ I r c IIes de ( e t t i t , i i s ’d t hir . ’ ~t I I 0 ( u t t l t  of ‘4 ) 11 ( 1 L’ \ l > t ( is is e r e ( i uu i tv ’(f (( I

Lhv ’ l (s i lat e t t t i \ l I i t s ’\ of IIis ’t lt ; It ls ’ ati d oxvge l l  h t f t t l s ’tl ssi l ht t l it iOg s ’t) Au e c i t i’itllolii l o t t I  ( if

this ~t t sl .t l a i i i h t s a l s ’”. lh~u l a c h t iu t g s ’ 4s f 22 kt ul soltd s ’ \ f > f i ) ’ ~4~~s ’ ~ iutls i hi,’ ri.’ quui is ’ d to
ths ’ l o t t . I I s ’ .t t l t s ’ l t I . I t l s ’ — . III t t t l \ t  liii,’,

( ,s u i s i s l s ’ r a f l V h s O t f l s ’ t l r ,’ ; t h  e\ p er i l l l s ’ t l t  \~ I f h i  a 2 .3— i i ie fer ’sf iai t is ’ts ’r vert ical lube ts pct i
.11 h i s ’ t () l

~. h i l L ’ t u bs ’ am i d a Is ’ i~i() l l  i l h r ovs ’ f i t s ’ lube s’ o t i t a i t t  a fIIs ’t I i i t t i e— air lni’ctu re ,  By
Sot t l i ,’ it ieat i~ a sls ’tOlLlt iOl l  is produced itt  (Its ’ t t th ) i ,’ iit)( l tt loVe s UI)ward ansi out ts f  t h e
tube. I ht e prs ’sstii s ’ in f i t s ’ w ays’ as It enters the region above (lie tu l )e is I lie sIetUIla t iOi)

>Fs ’ssuie ( lo , 2 bars), l’hiis is a lso (lie calculated I)ressurs’ of ( lie sh ock wave frot u t lie
2.0 5—k g solid s’xp losivs ’ c l)args ’ w het) it huts exp a nslesh to t llis sl ia tn eter (2 , 3 t) leter s) . It)
lie e~ hs s’niti)eil t . s’Vs’ll ( liottgh i this ’ pressure was h igh er due to soiile coIlt rihut ion of the

l t ie t l i . l t l s ’ . Ito s t t s t a i t i e h defon at iot i  Was produced. hil is itliplis ’s that a detonatiot i ill an
eni,’losesh space ( possi ble hCi’zlt lsi’ of ’ cot i Ii iletnet )t ) would h ave to exit t lie space t hroughi
a u open itig large r I han 2.3 meters to prod (lee it sustaitied (let oti at ioti in ill) II riCOh filled
net hit ne—a in cls)Ud. It was 1101 s iete rmiliuled 110w ill ucil larger t lie openitlg would h ave to

he. if iil s l s’ s’sl .111 uncoi i tt nesh det Oll at ion is possible , hut (lilly t hat openings smaller than
2.3 ti ieter s (10 Ilot ptush uce a slet Oi)at iOll .

lii t u e  a bove paragraph it was statesh th lat t h e  silock wave at 2.3—rn—dia m eter
i’ad ins had (lie same ch aracteristics as a detonation wave iii met hane—air .  ‘l ilis i~ not
St i ’is’f l coi’n’cf Sillce t Ils’ detonation wave ilas a shock frot lt of twice the detollatiO hl
pressure. l’hlis So called spike Pressure is usually ho t  consideresl in sletonation eff ’ects
becausv ’ it is of ’ shlort dur,lt iotl. However , if the “spike ” pressure is e ft’ect ive in
prod uc ing ~t sustainesl s letoilation t u e  above arguills’ilt is still valid bud with a limiting

(I ia tn s’t s’r of 1 .~~ i)le tel’s ,

(‘ONCLUS IONS

The uncollfinesl burning chlaracteristics have been investigates i for premixed
fuel-air mixtures using methane , propane , ethly lene , huitauliene . ethylene oxide and
acetylene fuels. Although attempts were made to o pti m ize conshitions for trailsit ion
from burning to detotiatioii in unconf inesh mixtuire s, no transition occurres l. Flame
acce lerations si isl occur: h owever. the flanies appeared to reach a constant ~e loc it a 11cr
an initial accelerat ion , and accelerat ions wllichi wouls i he expected to leash to a
transition to detot iat iot i in large r clouds were not ohservesl .

19
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A sustained detonation in unconfined methane-air mixtures is not produced
with solid explosive boosters of up to 2 kg. This impiies that , if a detonation occurred
in a confined space due to confinement, the ex it of the detonation wave fronl tile
confinement would have to he through an opening over 2.3 meters in diameter , or the
detonat ion would not be sustained. How much larger the opening woulsi have to he
was not determ ined.

FUTURE PLANS

Several areas of work originally planned f~ar Phase II will he reportesh
separately. These include the following experiments and stus lies:

1. Long Tube Experiments, it is known that igilition of ’ a flamm able mixture at
the closed end of a long tube will lead to a detonation. These experiments will
determ ine the effect of venting on the transition to detonation.

2. Ignition Source Survey. A survey will he niade of possible ignition sources
that could be present in the vicinity of an accidental LNG spill. The strengths of these
sources will be compared , and the likelihood that these sources could prosluce direct
initiation of detonation will he determined.

3. Large Spill Feasibility Study, A study will he made s)f the feasibi lity of
conducting very large spill tests of LNG arid the beneFits of conducting sucll spills.

4, Methane-Propane Detonation Tests. A determination will he masle as to wilat
percentage of propane in methane is required to produce a detona hle mixture.

Phase III of the Vapor Cloud Exp losion Study will consist of a study of tile

burning chaxacteristics of LNG spilled on water. A facilit y ilas been constructed with
the capability for rapidly spilling up to 6 ill s of LNG onto a 50- by 50-nleter ponsl .
Measurements will be made of the LNG pos)l size. the heat transfe r from tile water to

t he LNG pool, the vapor composition . the flame size and shape, the radiation from
the flame, and t he spectral distribution of the radiation t’rom the flame. There wil l be
two series of tests. The first series will involve spilling tile LNG ailsi immediately
igniting the vapor. The second series will consist of spilling the LNG. permitting it to
vaporize, and igniting the vapor downwind. Six of tile first series of tests ilave already
been carr ied out: however data have not been l’ully analyzed.
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A ppendix N

SI~ \RK INI I l A l  ION SO1~R(’I’ LJSLI) I N F  (IL IILMISPHERL TFS’lS

l l u ~’ source of ignition for tIle h emisp h ere te sts consisted of a spark produced

h’tw ec i i  the electrodes shown in F igure A- I  by an exploding bridgewire detonator

firing unit. TIle essential f’eatures of tIle fir ut ig ullit , manutact utred by Reynolds
luidt i s t m ie s are sh own iii Figure N -2 .  The electrical characteristics of the discharge
circuit are : S o ltage 3 .08 K\ , capac itance 3 0 5  p t . inductance (s 40 p h , and resistance

hO ~ t w i t h i  spark gap si)ortesi ). Most of t u e  inductance arid resistance are in the

~~~~ ~ ni of coaxial cable ,

._ .. .‘

~ 
~_.i— 2.0 mm PLASTIC PLUG

064 mm DIA WIRE

I 
_ _ _ _ _ _ _

1 65 mm GAP ~~/ /. I

LEADS CONNECTED TO
FIRING UNIT BY 27.6 m
COAX CABL E

FIGURE \~l. Spark Gap.

* Reynolds Industdcs . Inc. , P. 0. Box 1170 , Man ila del Rey, CA. 9029 1,
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EG&G GP - 90
SPARK GAP

TRIGGER
780K N f TRANS 9.’

+ ‘~\A/’v~ ’ ) , ~,,4 3.3K

_ _  

A TWV_O

6OM DIVIDER [
) T

2 8 C  —~~~ --1~----’vW--

t > T i FIRING 28 VDC
m 

iooIl ~~~~~ LAY CONT

- — vW--3 Wv— ___ 
I 

~ 
p

780K

U Q SPARK27.6 m REYNOLDS I GAP
TYPE C, 30&2 1’
DETONATOR

CABLE

FIG [R 1- . -\ 2 - I rung  I uu i u .

In order to tt ieasu re t h e  character i s t i c s cii the spark a 50(1 Nil hi bandwidth
coax ial cu rrent and o ltaui e viewing network was i t iser t ed helweeti  t h e  spark gap amid
the 27 ,6 ii) of co,i x al cable. I lue tJirrctl( t Iirougiu t h e  gap. tile voltage ac ross the gap
and t ile out putt  ~I a phio tod etect or measuring t h e  light out put of ’ (lie spar k were
recorded on oscillo scopes . ivpical recordings are shown in Figures A-3 A -4 and A- S

400 .i di~

10 J~~ ’di v 1R ;t Rh- \ . .  S park ( iinrenu u
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50 V l i l y

10 /~ /d iv l l (  1 RF -~t 4 . Span k V lu , i e ’ .

0.5 V/div

10 ~ (( i v h l ( . t RI \~~~. Spar k l ig ht.

A calculation cit t h e  current t h ur ot ugh i t h e  g.ip 1 uieglecting gap resistance ) by the
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~~~~~~~ ~~~~~~ 
-

= - exp [-‘at sin cat

R

~ rr __L -. a 2

w hu s ’re:

= current (afllps)
= time (see)

1 = voltage (3.08 KV )
L = imiductance (6.4 X 10— 6 henrys)
R resistance ( 1.1 &~)
C = capacitance (3.05 x l0~~ farads)

gave results in good agreement with the measured current. Tile gap resistance ir = e/ i) .

spark energy t l~ ~ e i ‘ at) , and spark Power (P = e~ i were calculated from the0
cuirrent arid voltage measurements. The results of these calculations are shown in
~~~~~~~~~ A-o . A-7 and A-8.

TIME , /4i

FIGURE A-6. Spark Resistance.
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Knystantas & Lee (Ref. I) have proposed that a minimum critical power and a
minimum critical energy must be reached during the first 1/4 cycle of a discharge for
the slirect spark initiation of’ a detonation. The only mixture for which th ese values
were determined was a stoic hiometric acetylene-oxygen mixture at a pressure of 100
torr. For this mixture tIle critica l energy was found to he 0. i J/cni and the crit ical
power was 0.1 MW/cm. In tllese terms the values for the spark used in tIle Ilemisphere
tests are 2.7k) i/emil energy and 0.861 MW/cm power.

Tllese values are not strictly comparable simlce (lie electrode spacing of t he

spark gap used by Knys(antas and Lee was comparatively large (37 mm) so that a
cylindrica lly s’xpanding shock wave was produced. In tIle ilemisphere tests the electrode
spacing was small (1.6 5 mm). and (Ilus the shock wave would assume a spherically
expanding shape and would not be as ef fect ive in producing direct initiation of
sletonation. Matsui and Lee ( ReI~ 2) have shown that the critica l initiation energy
(i/ emi l) increases as t h e  electrode spacing decreases. The smallest spacing reported was
2.5 mm. and this spacimig gave a critical energy of ’ 1. 5 i/cm for acetylene-oxygen
mixtures.
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Appendix B

l)l’.S(’RIPTION OF INDIVIDUAL TESTS

TEST =1 . 4 ,~ PROI’ANE

( his was t h e  first test and was a trial to check out instrullllelltatiofi arid
photographic coverage. lile buirm i was made in daylight. Because of ambient light t h e
t’lamlle W as barely visible , only the top of the flanie Ilemisphlere was visible and only a
vertical velocity could he determined . Illere was soiiie yellow incandescence at tile

base of ’ (lie flame but because of ’ the f~till t image it cou mhd 1101 be de term il iiied if Eli is
imican descemic c a f fec ted  tile shape 5)1 tile fiall)e.

TEST 2. S ;  PROPANE

him ami attelllpt to imic rease the visibility of the flame, tIle fuiel concc ntrat iohi was
iticreased to 5~ (4~ is s(oicllioliletric . Before the mixture could he ignited with t h e
spark igilitioml source it preignited. It is possible that (lie propar e flowing through the
inlet tube gemiera ted a stat ic charge , that arced to the metal of’ t ile instruimentatioii
chaminel. igmiitimlg tile mixture . To prevent this occurring t ile inlet tube was grounded to
t~.c illstr un’temltation cham ’Inel. It is also possible tilat tile film hemisphere became
electrically charged. A coating t’or t he film was investigated to make it conductive:
ilowever. t h e  coating decreased tile transparenc y of tile I’ilm ansi was miot used.

TEST 3, 5( PROPANE

Test appeared similar to te s t otie. l’hie imicreased propane concentration did not
cause increased visibility of t i)e flame. Only vertical velocit y could he obtained. All
subsequent test s were domle at night.

‘fES~ 4 . 5~ PROI’ANI’

This was t h e  first ri ighu( test. The blue flame was d early visible. Yellow
illcandesCencc appeared at (lie base of ’ t u e  hemisp here. This incandescence appeared to
he of two types: a sliffuse incandescence radiating from the ignition point outward at
ground level , and an intemise is’t ( it lg from n tile instrutiien(ation chianmlel. Thc t’irst type,
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which did not cause distortion of the hemispherical blue flame or secondary ignition
ahead of the flame, could have been caused by dust swept up by t h e  expanding gases.
Tile second type, which did cause ignition ahead of the flame and sumbsequent
slistortion of the hemispherical flame, could have been caused by fuel burning in t ile
instrumentation channel. It is difficult to determine tile velocity of ’ propagation in tIle
channel because the t ime and location of ignition in the channel are not known.
Another phenomenon was apparent on the film from the overhead camera. When tIle
flame read Ied the 5-rn-radius wooden ring used to fasten tile plastic llemispilere. tllere
was an acceleration from 8,3 ni/s to a h igher velocity of ’ 13.8 ni/s. T he hligller ve loc ity
tileml remained constant to a radiuis of 6.5 rn then slowly decreased.

L EST 5. l0~ METHANE

Thlis was tile first test with methane. Tile flame did not appear as bright as

with propamie. As w ith test 4, there was ye llow incandescence . w hich caused multiple
ignition amid distorted the  flame at hater stages.

TEST 6, 5(~ PROPANE

As with tests 4 and 5 , yellow incandescence cauised secondary ignition and
distortion of tile flame. Because of tile distortion it was riot possible to measure tile
increase of flame velocity as the flame passed over t h e  obstacles. However , the
obstacles did not produce a pronounced effect on t u e flame.

TEST 7, l0~( METHANE

Thus test appeared similar to test 5.

TEST 8. 7. 7~ ETHYLENE OXIDE

Th is was the firs t of the tests in 10-ni-radius hlemi iispileres : all previous tests
were 5-ni-radius. There was much less incandescence preseli t in this test . and it did IlOt
cause secondary ignition. The flame started hemispherical in silape : then because of’
apparent boundary layer acceleration the hieniisphere developed a comlical base. Tile
velocit y of the flame at the surface was constant at 16.8 ni/s as opposed to 14 7  iii s
above the surface. During later stages the flame became distorted because of the plastic
ilemisphere (earing at one edge.

TEST 9, 7.7’ ETHYLENE OXIDE

This test appeared subjectively, to the i,ersonneh at the test site , to be siniilar
to test 8. However, because instrumentation malfunctioned , mio data were obtained.
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TEST 10 , 7.7~ ETHYLENE OXIDE

This test was similar to test 8 except the I)Iastic hlernisphere separated
umiiforrnly, and tilere was iio distort ion of tile flame shape even at late tinles. Tile
boundary layer acceleration caused a constant flame speed at tile surface of 19 .8 ni/s
as opposed to 13. 4 nl/ s above t h e  surface.

TEST I I , 5~ PROPANE

Yellow imleat ldescem lce Wa s agairl apparent in this test wit h secondary ignition
over t ile imistr umeiltat iomi cha imnel. [he tubes placed in t h e  Ileillisphere had no apparent
et’t’ect ,

TE ST 12 . 4’~ PRO PAN I

lhiis test appeared smnlilar to tust  I I . a lt bough t h e  ~c llo~s incai ldescence did riot
cause m uc h distort ion of tile flame. Ihie oui I\ appareui t e f f e c t  of (lie wire screen placed
over the ignition source wa s to ma ke the flam ue siNe . t  .i slightly earlier time.
Decreasing t h e  fuel com iceiltrat ion lrot~u 5 ts) 4 did not i~oti ec a hh~ decrea se the
tu rn inosi ty .

TEST 13. l0~ N l I l h l\ N 1

Th is tes t  ~\ ,is a n ear Per fect  burn I here wa s a lmost no \ ef lo ~ imicanslescemlce.
T he flame w. s a hem isp here I h a  t evolved in hater  sfage s in w a sphere on a con ical
peslestal. Because the flame velocity was so lo~ . t h e  huovailcy force caused the flame
to rise and proshuice t h e  shape of a sI~h ere on a pedestal .  The houmndai v layer velocity
was oiihv s l ig ht ly  higher th iam i the ve huc it \  above t h e  surface ( 5 . 4 Ill s vs 5.2 nm s) .

TEST 14 . ‘ .S ET 1IY LI NI

Ni uc hi imi candescem i cc dm 151 miianv secomid ary ign i tioul points mail e this test si m ilieu It
to assess

TEST 15. 3.5’ A ( E 1 \ ’ L F N I -

ihie acet y lene supply tanks did not completely em pty in th lis test. producimig a
low fuel comic e ntration. Tile long burn timlie caused by t u e  low flanie velocity (3.6 ni/s I
Pernil itted t h e  buoyancy forces to raise (lie flame en’ elope o f f  the surface. The

uluilplCx flow pat tern cause d tile measured iiori~omita l velocity to accelerate and t he
v ert ical  ~e loci t  y to he constami t : t h e  reverse of tha t usually observed .
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TEST 16, h 0~ METHANE

This was a detonation test and is discussed in a separate section .

TEST 17 . 3 .5’ BUTADIENE

This test appeare d similar to test IS . t h e  low velocity permitted the buoyancy
t’orces to lift t h e  flame envelope of ’f t h e  su mrface. ‘[here was somiie af ’terbu mrning f ’rorii
the c ud  of ’ the t’uel line, so it is possible all of the fum el w as not in tIle hemms pllere at
(lIe start of ’ (lie test and the 3,5~ coricem ltratio n Wa s h o t  adil ieVed .

lEST iS . 7.7’~ A(’ETY LENE

l’hie tianle in this test was much brighter than t h e  Otiler tests. Seconslary
igni ion occurred from burnimig in the instru mnientation chan nd.

TEST 19 . l0~ METHANE

This, like test 16 . was a detonation test and is discussed in a separate section .
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Appendix C

FLAME. POSITION, BUR N TESTS

S
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FIGURE C.l. Horizontal Flame Position ttY Methane.
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FIIL I R E ( 2 . Horizontal Flame Position 5’ Propane.
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FIGURE c’.4. Horizontal Flame Position 7.7~ Ethylene Oxide.
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FIGURE (‘.5. Vertical Flame Position l0~ Methane.
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FIGURE C.6. Vertical Flame Position 5~ Propane.
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FIGURE C-h I. Flame Position 7,7~% Acetylene Test 18.
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FIGURE C.l 2 Flame Position 3.5~ Butadiene Test 17.
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