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an explosive mixture with free radicals of the appropriate concentracion and
"spatial distribution, iii) demonstrated experimentally that direct initiation
can be achieved via turbulent mixing between an explosive mixture and its
combustion products, iv) demonstrated experimentally that unconfined turbulent
flame speeds exceeding 400 m/s can readily be achieved in a mixture as inert
as methane air, v) clarified through experiments the role of confinement on the
propagation of detonations near the detonability limits, and vi) assessed the
far field destructive potential of FAE weapons by calculating numerically the
effective blast energy of non-ideal blast waves generated by vapor cloud explo-
sions.
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Summary of Proress

Our recent studies have led to some significant results which

have profound implications in the area of vapor cloud explosion in gene-

ral, and in the area of "shockless" initiation of detonation in particu-

lar. In brief we have; i) demonstrated experimentally that initiation
4

of detonation can be achieved by injecting a chemical catalyst into a

fuel-air mixture, ii) demonstrated experimentally that direct initiation

can be achieved by seeding an explosive mixture with free radicals of the

appropriate concentration and spatial distribution, iii) demonstrated ex-

perimentally that direct initiation can be achieved via turbulent mixing

between an explosive mixture and its combustion products, iv) demcnstra-

ted experimentally that unconfined turbulent flame speeds exceeding 400 m/s

can readily be achieved in a mixture as inert as methane air, v)

c":arified through experiments the role of confinement on the propagation

of detonations near the detonability limits, and vi) assessed the far field

destructive potential of FAE weapons by calculating numerically the effec-

tive blast energy of non-ideal blast waves generated by vapor cloud explo-J

sions.

During the past year a significant milestone towards the realiza-

tion of an FAE llI device has been reached at McGill in that detonation in

a premixed fuel-air system (propane-air) solely by injecting a chemical

agent (fluorine) has been achieved on a laboratory scale. Laboratory scale

experiments are of necessity small scale and confined, and a considerable

research effort has been made to identify the fundamental underlying mecha-

nisms and to establish quantitative criteria for the scaling up of these

experiments in preparation for large scale bag tests to be performed at

Eglin Air Force Base. A review of the progress in the area of Pyrophoric

Initiation of Detonation in Fuel-Air Mixtures including a discussion of

~ • ~.. ....... .. .. .. "-'•......- "......•• ...... •- •I....•I.. . " "" i
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criteria for scale-up and removal of confinement, as well as a discussion

of the dispersion and mixing requirements are given in Appendix 1.

The role of both large and small scale turbulence in augmenting

the explosion of a fuel-air cloud have been further clarified by our inves-

tigations of turbulent flame propagation and acceleration in the presence

of obstacles. These investigations have established that extremely high

flame speeds and large overpressures can be obtained through the generation

of large scale turbulent eddies and small scale turbulence in the unburned

gas by placing repeated obstacles in the flame path. Laboratory scale ex-

periments on unconfined cylindrically expanding methane-air flames with

repeated obstacles in the flame path using both streak and schlieren diag-

nostic observations, together with larger scale experiments performed in

collaboration with Professor Wagner at the University of Gdttingen, have

demonstrated that flame speeds in excess of 400 m/s with associated over-

pressures of the order of 0.65 bar can be generated in an obstacle environ-

menrt. A simple theoretical model of the flame acceleration process bdsvd

on a positive feedback mechanism between the flow field generated by the

flame propagation over obstacles, and the burn-out of the large turbulent

eddies predicts an exponential increase in flame velocity which is in good

agreement with the experimental results. The current status of our inves-

tigations on turbulent flame propagation including detailed discussions of

experimental and theoretical results is given in Appendix II.

The'detonability limits determine the conditions beyond which an

explosive mixture can no longer support a detonation. At the present time

it is not possible to predict the detonability limits of a given mixture

theoretically and the limits must be determined experimentally. Experiments

to determine these limits are usually performed in detcnation tubes, how-

ever the influence of confinement and the initiation source on the propagation
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of detonations is not understood. Our investigation of the propagation of ',

detonations in long tubes (14 m) of diameter 4.8 cm and 14.5 cm near the

lean limit of detonability for ethylene-air at I atm shows that the propa-

gation of marginal detonations are strongly influenced by both the initial

conditions and the boundary conditions. In fact, completely different

phenomena are observed for the same mixture composition depending on the

initial and boundary conditions. Transverse spinning waves with wavelengths

characteristic of the tube rather than the mixture are found to play a domi-

nant role in the propagation of near-limit detonation waves. Because of

this strong influence of the confinement a criteria for characterizing the

detonability limits for unconfined detonations based on the onset of a

single head spin has been proposed. Associated with this limit there is

then a characteristic length equal to the tube diameter (or spin pitch),

and by extrapolating from reŽsults in various diameter tubes the limit for

unconfined detonations in a cloud of given size can be determined once the

minimum number of transverse waves required for unconfined detonation is

determined. A detailed discussion of the Influence of Confinement on the

Propagation of Detonations near the Detonability Limits based on our results

is given in Appendix III.

The far field destructive potential of fuel-air explosive weapons

has been assessed by calculating numerically the effective blast energy of

the non-ideal blast waves generatid by vapor cloud explosives. For hydro-

carbon-air and oxygen explosives, the effective blast energies represent

approximately 37 and 27%q of the respective combustion energy of the mixture,

irrespective of the mode of combustion (i.e., detonation or volumetric ex-

plosion). Based on the effective blast energy, far field eqLuivalence of

non-ideal blast waves from fuel-air and oxygen explosives is demonstrated.

In other wirds, the far field, non-ideal blast parameters (i.e., overp essure,
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static and dynamic impulses) scale according to tile explosion length based

on the effective blast energy and can be radily calculated from a single

chart to assess the destructive potential of fuel-air and oxygen explosive

weapons. Although all ideal point blast waves from solid explosive weapons

are equivalent and the corresponding blast parameters scale according to

the explosion length based on the total combustion energy of the charge, the

present study indicates that ideal and non-ideal blast waves are not equiva-

lent in the far field. In other words, at the same scaled distance, far

field blast parameters from ideal and non-ideal blast waves are no equal.

Based on the matching of the overpressure curves in tile far field, the equi-

valent point source energy for the non-ideal blast wave from a fuel-air

and oxygen explosive weapon is three times greater than the energy for a

point blast. Therefore, the far field destructive potential of fuel-air

and oxygen explosi.ve weapons is found to be superior to that of solid ex-

plosive weapons. A detailed discussion and presentaticn of the key results

of this investigation on blast waves from fuel-air explosives are given in

Appendix IV.

In summary our investigations on the transition to detonation,

the influence of confinement on tile detonability limits and flame accelera-

tion have provided and are continuing to provide important criteria and

guidelines for both accidental explosions and the development of an FAE III

device. Our understanding of these phenomena are now at the stage where

critical calculations and experiments are being performed. In the case of

FAE III for example, large scale feasibility experiments are being lanne_. ..

this year. -
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I. Pyv!royhoric Initiation of Detonation in Fuel-Air Mixtures

The present is a summary report of the progress achieved during

the fiscal year of 1979 in the investigation of the mechanisms of initiation

of detonation in fuel-air mixtures via a chemical catalyst. This work has

direct relevance to the development of the single event FAE III device. The

main objective of our work at McGill University is a continuing process of

research to demonstrate the feasibility of this mode of initiation for the

actual realization of an FAE III device based on the co-dispersal of a fuel

and a chemical catalyst into air. The approach in the present program is

to identify the funuamental underlying mechanisms and to establish quanti-

tative criteria for this mode of initiation on a laboratory scale to be fol-

lowed up by feasibility demonstration studies in large scale bag tests in

collaboration with and at Eglin Air Force Base.

In early 1979 experiments using fluorine injection into heavy

hydrocarbon-air mixtures (butane-air, propane-air) were commenced. By mid-

1979, direct initiation of detonation in a premixed fuel-air system (pro-

pane-air) solely by injecting a chemical catalyst (fluorine) was achieved.

A schematic diagram of the apparatus is shown in Fig. 1. In this case

charges of fluorine and oxygen (optimum ratio I0Z fluorine and 90.:, oxygen)

were counter-injected against a small charge of propane into a premixed

reservoir of stoichiometric propane-air mixture. The fluorine interacts

with the propane to form an unstable radical (C31H7). The oxidation reactions

then progress rapidly in the presence of oxygen via a chain-breaking mecha-

nism leading to ignition in the propane-air mixture and ultimately initia-

tion of detoation. No detonation initiation was achieved in other hydro-

carbon-air mixtures except propane-air even when these were more detonable

than propane-air (eg., ethylene-air). This confirms the effectiveness of

the fluorine-heavy hydrocarbon interaction in radical production as indicated
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by von Elbe originally. The diagnostics in the present experiments include

a photodiode to detect the onsct of chemiluminescent reactions, the signal

from which is used to trigger the oscilloscope. Two pressure transducers

are used to monitor the onset of detonation: one in the vicinity of injec-

tion either above or to the side, the other at the end of the extension tube

as illustrated in the schematic. A typical pressure record illustrating

the case where detonation level pressure was achieved at the end transducer

(upper beam) is displayed in the oscilloscope trace in Fig. 2. The lower

beam illustrates the pressure record in the vicinity of the injection. To

be noted is the fact that it arises later than the pressure spike at the

extension tube end indicating that the development of detonation was in

the region between the injection and the end of the extension tube. This

is compatible with the SWACER mechanism concept of detonation initation.

Thus the feasibility of catalyLic detonation initiation in a fuel-air mix-

ture has been dcmonstrated on the laboratory scale.

2. Criteria for Deconfineient and Scale-up

Laboratory scale experiments of practical necessity must be small

scale and confined. To demonstrate the feasibility of an FAE III single

event device conclusively, large scale unconfined experiments must be ulti-

mately performed. In the present program it is envisioned that these ex-

periments will be carried out at Eglin Air Force Base using bag tests. To

progress from laboratory scale to bag test scale, effects of deconfinement

and scale-up must be considered parametrically. It is well known that deto-

nations in confined tubes can be readily achieved even in the most insen-

sitive fuel-air mixtures (eg,, methane-air) as demonstrated by Gerstein and

Kogarko. [However, detonation initiation under unconfined conditions is

ve,-y difficult in methane-air, requiring large initiating charges of solid

explosive (viz. Bull and Benedick). Thus confinement helps detonation

L . . ... . .. •._.~I •= . ... . - • . . .. • - . • . . L • • . • , .. .. . _ - = .. .. .



initiation and proplaation. For example, it is well known that if a detona-

tion is initiated and propagates as a well e;sLablished wave in a confined

tube, it may fail wthen it emerges abruptly into an unconfined qeometry unless

the diamecter of the tube from which the detonation emerged has a diameter

greater than some critical tube diameter for the particular mixture. This

critical tube dirimeter for uniml)eded transmission of a detonation from con-

fined linear propagjation to a fully unconfined geometry has been found to

be of great fundamental significance. It can be related to the critical

energy for direct initiation of detonation (viz. Lee and Matsui) and is a

measure of the geometrical detonabiliLy limit which indicates the minimum

cross-sectional dimension or thickness of a fuel-air cloud below which a de-

tonation can no longer sustain its steady propa(:ation. A table of experi-

mentally established measurements and estimates of the critical tube diameter

for a range of fuel-oxidizer mixtures ranging from fuel-oxygen to fuel-air

are presented in Fig. 3. These results indicate that the critical tube dia-

meter for propane-air would be in excess of two meters. This would infer

that no detonation propagation would be possible in a propane-air cloud under

fully unconfined conditions if the cloud thickness were less than this.

However, in the case of a bag test this critical dimension would be somewhat

less because of the partial confinement due to ground effect. In the case

of a large scale FAE feasibility experiment the implication is that one would

have to generate a region of pyrophorically initiated chemical activity which

would result in an initiating detonation wave extending over a dimension at

least of the order of the critical tube diameter for that particular mixture.

Moreover, the energetics of the initiation process would further require

that tile energy contained in the initiating volume should be at least of

thle order of ttie critical energy for direct initiation of detonation in the

mixture. These considerations, therefore, provide quantitative guidelines

whereby the critical volume of fuel-air mixture which must bO pyrophorically



activated for detonation, initiation can be estimated. It is clear that the

initiating volume for propane-air appears to be prohibitively large (i.e.,

a cross-sectional dimension in excess of 2 meters). This would imply that

the catalyst (fluorine-oxygen) would have to be dispersed simultaneously

over a cross-section in excess of 2 meters and perhaps a half meter deep

in the propane-air cloud. Practical problems of the injection process would

therefore appz'ar to preclude propane-air as the FAE cloud. More reasonable

dimensions would indicate that ethylene-air can sustain detonation in a

dimension of cloud less than one meter (i.e., based on a critical tube dia-

meter of 80 cm). Although no critical tube diameter data exist for MAPP-

air or propylene oxide-air mixtures, critical tube diameter values for these

mixtures can be estimated via a simple analysis (viz. Lee and Matsui) from

the critical initiation energy values, say those obtained by Parsons et al.

Based on such estimates MAPP-air would have a critical tube diameter approxi-

mately that of ethylene-air (i.e., 80 cm) while propylene oxide-air would

be even less than that. In terms of an FAE bag test we are therefore talk-

ing of a bag of cross-section slightly in excess cf a meter and several

meters long with a pyrophoric injection cross-section of the order of 50-80cm.

It is important to recall that since the active ingredients for catalytic

initiation are propane, fluorine and oxygen, these cOnstituents must be

provided in the initiating region of the fuel-air vapor cloud which may

now be either ethylene-air, MAPP-air or propylene oxide-a'r. It is obvious

that for the initiation process to be successful the dispersion time must

be shorter than the catalytic chemical activation time which is typically

short, being of the order of a few milliseconds in this case. Consequently,

in the latter part of 1979, the main efforts in the FAE program at McGill

have concentrated on the study of rapid simultaneous injection and dispersal

techniques via multipoint sources spread over a large cross-sectional area

in anticipation of the approach to be used in the bag test at Eglin Air Force

Base.

-. - - , -, -- .- ..- ... ...... "- - -
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3. Rapid njcinDsprsion and Mi xi ng of Cases

In the origin~al small1 scale catalytic initiation experiments at

McGill, manually activated toggle valves wore usedl succc.ssfully for the

injection of the pyrophoric constituents into the fuel-dir mixture. This

proved adequate because only very small reglions of chemical activation

were involved and t~hO diSperTsion Was sufficiently r-ap id(. In the uncon-

fined !ar-ge scale bag test context, mul Li point simultaneous injection and

di spersal on a mnill isecond tihme scale would he nec:essary For reasons al -

readly outlined. Clearly the use of remotely activated melchanical toggle

valves witLh the ir relatLively slow opening L imaes and( sync hron izat ion prof -

bin~s Would preclude their use in this case. The requirement for detonation

inl itiation in a Iiaq test wouild be for vor~y rap id i njectLio00,(deep) penetra-

t ion , broa d la teral 1 preadanld intense tourhbulent. in i x av of the CatLal1yti c

ingredients with the Fuel-air c loud simul taneously f romi several injection

ports to (:over the critical cross-sec tional I diaont'nion eoui va lenti to the

U ~~~~cr i tical tLobe di aie ter a 11 on a inill isecond Li me s calIe. 1aachI rego i rocen týs

Woou1( ind ica to an actLive rupture type di spers ion -;y stein and experiments

were ini t ia ted to study i njec t.ion of' gads chart ie int U) n amienfict mediuma

via a piston (Iriver-dfiaphragmi scheme (Fig. 4). Arglon ga's which has vi r-

tuall1y the Samie atomiiic we ighit as thle floor ine a1ol ecu 1 ar weighlt was Used

initial ly as the inject~ed gas1- into ambaient. iir lor, the penetration and

di spersion studies. A typical spark schliert'o seequonce of photogIraphs

iii astra te a typical i njectAi on sequence iii I i(.1. ). mf f it.. iiatly rapid

inljtct ion anil dtaa It' ltx~.rLi on was ah i iiveti ia l Hii. way. I it1 . 6 di s-

pl ays typical trans i cat. shock-jet traj cct~ovaiw L o t.oni i n th is . H owever ,

when fluorine was Silhsequeaatly us~ed * it', cmtrrtr 1Ve proptert i es a ffected the

pkis ola -,I id(i og tra ~ec tory Ifromt s lo L to 'it1o ill V t". ( )1 1.t I l t' i ghL f. :1ea rilac s

in tile hotied cy 1 ilodm.s regIliaired for seal im 101o,(. 1)1)0' oTI'Agriota 1y this

schemie of, inject io ilwas deemiedi too i tr wi cafe anti (Ione 1idatl( for field test
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situations. An alternate scheme of simultaneous impulsive rupturing of

an array of prepressurized glass tubes was considered more promising.

I.I. Glass of UTIAS has done considerable work on the gasdynamic flow

field generated from the rupture of cylindrical and spherical pressurized

glass vessels in the early sixties. Of particular interest here is the

very turbulent spread of the contact surface between tile pressurized and

ambient gases as a result of the obstructing effect of the shattered

fragments of the glass containerswhich are initially immobilized because

of their large inertia. The sequence of schlieren photographs in Fig. 7

taken from Glass's book illustrates this. Calculations at McGill using

a gasdynamic numerical code have been carried out for spherical charges

and compared with experimental streak photographs of Glass for identical

initial conditions. The agreement between theory and experiment as indi-

cated in Fig. 8 for the motion of the contact surface is remarkable. The

particular example calculated here is for a practically realistic situa-

tion in the context of an actual bag test. We are contemplating glass

flask charges of pyrophoric gases with gjas overpressure ratios of 22-25

(i.e., 325-350 psig). As indicated in Fig. 8, the maximum contact surface

displacement for such overpressure would extend in excess of three times

the initial dimension. For an initial spherical flask dimension of 20-25

cm diameter, the glas would disperse in a time of the order of 500 lisec

over a spherica' volume in excess of 75 cm diameter. An added advantage

of thiiis mode of (ii';persion apart, from its speed is tLh fact that the iner-

tia of the shattered glass fragments would provide a "screen" effect

through which the contact front would penetrate and thus become highly

turbulent. This would greatly enhance the rapid mixing capability of the

pyrophoric materials. In an actual bag test initiation experiment it is

contemplated to use three flasks spaced about two flask diameters apart.

The central flask would be pressurized with propane; the other two glass

A ' .
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sphere flasks would contain a pressurized fluorine-oxygen mixture in the

ratio of 1:9 fluorine to oxygen. Fig. 9 indicates the sequence of events

in the initiation scheme. The central flask containing propane would be

ruptured first via mechanical fracture using mild detonating fuse (MDF).

The two peripheral flasks containing the fluorine-oxygen charges would

then be ruptured in the same way but about 500 •jsec later to permit the

propane from the first flask to have dispersed to its maximum extent. The

subsequent rapid turbulent mixing of the pyrophoric materials over a cross-

sectional dimension equivalent to the critical tube diameter for ethylene-

air, MAPP-air or propylene-oxide-air mixture in the bag would lead to deto-

nation initiation.

4rj
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APPENDIX 11

Turbuleint Flame Propagation and Accel eration
intePresence of Obstacles*

I

*Paper suhmitted to the Proceedings of the VlIth International Colloquium
on Gasdynamics of Explosions and Reactive Systems.
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"I I ntrodiuc tion

V iol en t fi Idub accel era t. i on andi nhancod trans itL i on to (leLona L ionn

when turbule nce produc ingj ohs Lac es are. pl acedi il tile pa Li of a U dltii, have

1-3been observed by various authors. llo'.ever, a'IL the present timec the ques-

t ions Of III-x 1i mm fl 1 ame speed and fl1ame ac ce 1era Li on i n uncon fined or par -

ti ally confi nod si tuatLions with turbuleonce producing ohs tacles and/or in iti al

* turbulence are still far from being resolved. Fromi the practical point of

view i t i s imp~o rtan t to doeterm ino tiho flame ac.ce 1 eratLion and max imum fl1atme

speed for a wi do ra ncje of tu rbul1enceo condi Lionrs s inuer the hinrbn 1 (mc.e in a

cloud of combustible mixture, which may resul L from11 anl accidenta11 Spill Of

expl osive gases anid liquids, can vary widely dependinq oil the-na LurIe and

location or thle Spill, Evenl if thle turbulenlce "level isl low prior to ig.nition,

the presence of obstacles in the form of buildings,, vehicles, pipe", etc. , canl

1lcad to large! flamie speeds arid potential l~y dangejrous hlla sL waves.

AL the present Lime,* fl ame laws re 1 aLi ig thue (1m une peed of' a freely

* propagatLing fl1anne to Lbhe turbul1erice f i C 1( or ott 5 ac- C e(.onif igu a Li on ai-c niot

ava i lab Ie. Such flame laws areý required as input to exist big nunlorical clas-

F- 4-6dynamic cal cul at ions Lo evaluate the resu ~it i rig tirs ¾te wave",s *o that

thle blast e.ffects due' to aI fuel-a ir explosion inl a lniu l~ent oriv irmolen'(t can1

* be predi ct(od. We h uendcertaken a program whosev aim isý Lo dievelop such

flame Il las I previous piaper 7 we reported oni Lho dt-au:.l-lc accelera Lionl of ce

cylindrically exan en mthanie-airfae hnioia~dotceýVrepae

in the fl amne patLh. WitLb repea ted obstacles of thn a ppropi i a to sizes anid

separations, fI ann speeds up to 130 m/s were obta ined. T his was, a pprox imia ely

24 times h sjioed observed with no obstacles. I he lue-hinirmi proposedfr h

rapid accelera tion of the fl amue from an initial f lame spoed of about 3.3 ni/'s

to speeds In exce Iss of 100 m/s over a distance 01 3k.1") cm was based on the
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'positive feedback cout]lintg between the f lame anld .h U t,1Lea f low produced

by the speci fic volumn incr"ease across th0 flan,. Wi LIt (I ItatLed oiltH.Lt C I P

in the flame path, gradients in the upsLream f low f ield produce "f lante fold-

ing" which increases flame area and hence the rate of burning, leading to a

larger flow volocity and stronger flow field geratient s, whii(Ah thtn furthor

increases the rate of burning and so on. I•his positive feedhack mechanism

can thus lead to a flame which, without sont (lampingi or ititini fact.ores,

will continue to accelerate as 1ongc as the obsLaclo corfi( uration reita inus

the same.

Most of thr' results repor Led in Refo;reitct' / were hasod on experi -

ments in a chamber which provided only 30.5 ctt of la, Lrwavel . A few ex-

periments were performed in a larger chamber provi(inq 0(1 cit of f lante travel.

These latter experiments conf irmed the dramatic inf luence of obstacles on

-the flame propagation, but. the results were inconcluisivy ott t.he tie(:,t. ions of

continued flame acceleration and maximum flame ,iw'vd. To i rvostiqtto th•,e

questions further we constructed a larger chaihier so Lhat. cylindrical f laie

propagation could be observed over a distance of 120 (.11i. hliis paper reports

on the results of this investigation. Based (M L.11,W.0 rl',iultI tm',hee wi .l

spark schlieren photographs of the flame prot(1.1t ion ov',r ohbtacles in a rec- I
tangular channel , a simple model of the flante acceleration process is pro-

posed. This model p1redIicts an expoltenti al iI tc:r r, f in ' Itui, speed with dis-

tance propaagated over obstacles which is in gontrd a ;r•eo,•.it with the oxpe(,ri-

mental results.

2. _xl.erimonta 1. .oLai•.1ls

The investigaLion of f lame pro)agation over obstacles was perforiled

in a 2.5m x 2.5w chamber consisting of Lwo wooden parallel plates ',wpjarated

* by spacers at the cortiers. 7he plaLe separaLion c•uld he aidijusLed by chan(ging

. .'. . ..-- - -. ...
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the spacers. The cha~mber wa sea ed ait UhP 1i(i' Iphory biy p1 as Li c hand', wil 1lo

it was fi 1 led wi th th aw"ppt opr'iate (las liili xtUre A spi-i mo iichan s.i~ was iusel

to remove these p1 as tic bands prior to i gnition 1.o [hat, the fli a could ex-

pand freely in the radial direction. The gas mixture of rtoichioii~etric mne-

thane -a ir was p repa red by con t OfUOU S fl1ow, a11 Hlinh chobawlIr was pu rg ('i al t Ieast

10 times in order to ensure a good mlixtujre inl the chamber. I g i ti oion was

achieved by a fast burn inrg w ire a t the center oif t.he chliambe r, and the subs e -

quent radial propaga tion of the flaime was recorded by a r'ot~a i ng drum streak

camera. A schematic diagram of the experimental Sect-up is showin inl Figure 1.

The obstacle conlfigurat-itionls Wer- i dent. ica1 LO t.o 1' those use inl the(

laortoy xpriens rportLed i n ReIF erence I7, wit h ohs Lac I es cons i St i nqi of

spirial s of copper or- plastic tubing. The spiral ohis tao: e wereo pl aced onl

the top or bottom plate so that a radially UXpaud 1log)( f I,1'e Would en)counter a

series of obstacles, corresponding to the winld i uqs of' the spjir-als, which ex-

tended allI thle way to the per i phe ry of the c ha 'hber . A c -n ss v- Le i olia 1 , 1 i c o

t hro u gh t he ceniltecr o f thet c chambe r ilIl us t ra t i 01 t he ohW'. c.i I o c on f i qgura t ious c is,

shown in Figure 2. The obstacle height 11, the pitch P' andh the. plate s~eparat-

tion 1) are also defined in) Lhis figure. For th-rs poiiticular experillents,

two types of obstacle spirals were used; i ) a (ila f 1.25 cml d ianetctr cop-

per tubing with ai pitch of 3.75 cii, anld ii) a1 O.nl(f -1 (111 111latic tuling~

with a pitch of 10 cmi. Teplate separda ion w~i'. -viri-ic 1-1vieen 3.') cmi and

20 cm.

To investi gate rn imore detail the iiich'ifiii11 oif f laine prop'loa t ion

over obstacles we have also taken schl jeren pin logra ph, (of a methanep-air

Thise choannlgasigo consructd by11ainga woodenguliii' cinr thf 30.5 3 cm.rdu

flame prhane gast i ove~r ohsta1es iy roinare woadnu 1irchnile 1 of l3ngt 30 cnaiu.

chamber descri bed inl Reference 7, and the schil ifnello phot ographs were( taken

through windows inl the two 1ila tes of the cliabiie A st homiiiiic di aiqi-am of
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the channel with obst.aclo, is 0hown inr Iigure 3, where Lh(e r-elevnt. pra•iLeters;

pitch ()), otbstacl d iaineter (II arid ch.,nnel wi(Ith (U) are aliso dfie~d. I he

height of the channel was 2.54 cm. For- soimle of Lho ,xieri'imiiet,, in the chanmel

one or more of the obstacles were filled with dry ice. Three smiall holes -n

these obstacles allowed CO2 to escape. The escaping CO2 provides a1n excellent

schlieren tracer for the flow field ahead of the flamoe.

3. General Considerations

As discussed in Refer(nce 7, the drama •.ic influence of repeatLed oh-

stacles on the flame propia at ion can be( under¶. tLod in t.orin, of the positive

feedback coupl ing between the flame itself and the flow ahead of the flai•m.

When obstacles are placed in the flame path, the upstream flow field will lie

that characteristic of the obstacle configura Lion. I-" rpeaLed obstacles

placed on the boLtomn and/or top plates of the chabher-, t.he main features of

the flow ahead of the flame are a standin. edily in the w.ak, reion obehind the

obstacles which is separated from the outer flow recj ion hiy a shear layer-. Ihe

flow pattern ahead of the fl,ime and the entraini,,,nt inLo the standioy edd1y

for low flame velociLies is illustraLed by ti: c(p.rk-',0iliren photocraph

shown in Figure 4a. In this case the second anrd the fouith obstacles have

been fil.led with dry ice and the resulting CO? tracer cl.,,'rly shows a stand-

ing eddy region between thie second and third ohwtaicl:. A;. the flawo encounters

this flow field it will hecomro "foldled" due to• tih, rim-tolmt. ill thr flow fiold.,

leading to a flame consisLinj oC a curved leadinq} fla•m front in the outer

flow region wiLh a trailing flaae in the sLandi n( eddy botween the obstacles.

This is illustrated in the spark schlieren phitooiirai ,hIown in Fiijoi 41b. lhiis
photograph a1so shows the entrainmnent of the fM1iame zone in to the eddy. For

larger flame speeds and thus largrer flow velocities 0h1,001 of the f loire, Lhe

shear layers and thle wakes of thie ohs tacles will heicr io t.Oii lori Lt anid as tine
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' velocity increases the(- turbolv('ot. f low req ion w i 1 1cipa. mlore. and more of

the flow field. TbI is is ,ii hI Iutra tLed in F i Iu ro ',a whoev (dry i ce ini thle t oijrt.hI

Obs tactle p~rovides the( CO2 thicer. Ihe torbul owl. we i oH inq in(] (PLeirainileilt. of

the fl1ame zone into the wake req on can aliso be seen in this f i qure . Thlit

* siniai br scale tUrbulent wrinklingo of the, ft amw is. furthelr ili ustra 10( by the

spark-schi icy-en pho Lograph shown in F igure 51). T hose sldrk -schliieren photo-

graphs conifirm the picture of flamei propaqla L.ion over ohs tac les proposed in

Reference 7. A schema tic diaqram il lustrating this physical picture is shown

in Figure 6.

As. di scuss~ed in Ref erene 7, the(, turbl)npt, 1)11111 m volocity ST bitsed

on the average hea t release ra to per unit pr(W tdo flron taf 11Tie e is

given by:

S 2 it ur) .s d()

where the i ntegra1 i, ; over the( aroa of the "f tatim' fold" '.himn in) Ii ';tre 6, S

is the local burninq velocity at the "flame fold" midrtou D) is the plateI

separation and r is Lthe radial position of Lthe t lamev front. Assuiminij nyzeo

flow velocity in) Lthe Inburlned gases behind the( flame. (,the displaceme~nt velocity *
of thle unburned oJd sos jinst, a head o)f the flamie a veraiqd over the plate sop' ra-

tion i~s given by:

<V . (.---- 1) S (2)

where p and eare. Lthe avoraoe dc'nsi ties of Lthe u11myburine' ias aead of tin'

flame and tite bUrned qas bob ind the fl ame zone, re,1pe(ctively. Thn,j. assinmiinq

t Uit, t thet a dva n ce o f thite f 1 a me i s o n i f orm a c r oss th I l a vi spa ra L i o n anitd tha -it

transient effects, can be neylected , thle correspondi li'i 1,''m, speed is, qivenl by

.NS (3)
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o , -or low fIlme speod'; itn the In i Lia ,a I .1 q; oi LUI f l cm, ao.celr% Lion,

the f Iame acceI era t ion mechanism is c early "f 1ame, fo di tl" due t.o the q rad i ot

in the mean flow f ield Iroduced by t.he ohtLac e. Ihe il lh ulenh ll burni i V e oc i t y

ST is enhanced by an increase in relative flame ,urfan' area (i e. , relative

to the projected flame area 2u1rD) as the flame i S streL( hed in t.he mean f low

grjadient field. As the burning velocity increaQ;es" the flow velocity ahead also

increases leading to more intense "flame foldinq", '.bus t.o a larger burninq

velocity and so on. Superimposed on the large scale "flame fold" is the smaller

scale turbulent flow field which leads to flame wrink•'inq and incrteased rate

of turbulont. transport( of heat. and mass across, t-ho "f ,ie fo(ld" surfiace. The

resul ting inc.r ea s in borni jo velo C i ty at t.hI "I Iame foI d" furf ace or in Cr1eas0e

in "flaaine fold" burning.) rate leiads to a further i O.ri', in turboulent burn itnq

velocity. Ourinq these initial stages the I la]1e acceleration will be deterwiined

mainly by the rate of "flame folding". However, 1a, the f(1 an1e accelerates, the

smaller scale turbulent flow f ield in the wakes, i, di.r layer reilions will

begin to play a more import.ant role in the ac(:..eluriiOin I,,ress . As ob(ierved

in Figure I the burning in the wake ro eions 0Si I 1e0oC,'1 less well dfi;ntIied doe

to smallor scale and larger intensity turbuloen t ,n fi ir..:,,•I and inixi• ,h an•n

the main flame front will become wrinkled as t h. tmurbo o, e in the wake re(lions

spreads intC) the ma i i I ow ieq i on.

I rans it ion to turbl 1 ence in the wake nf a cy i icr occurs at kReynol ds

numbers above 200 and the loca tio', of Lhe trans LiL no mint moves towards the

cylinder as the Reynolds nIumber increases. Q') [veIVl fog ver y low flow ve(ici -

ties '-10 m/seoc with I .?!) (cm obýtacles the Reynlol'u". u ilr, ," is ,(ore t.1,in 801)10

so that tLin wake of the obstacles will always be, -Irbul.(, it.. The acler a"in

of the flame thus depe(nds oin boLh the rate of qrowt.h o)f t.ho f 1 "ame f olV d' ,,a -

Live to the proj rected arei 2,,r) and on the incra'o, in Ihe "flamw' Iold" htrninq

rate. In the initial sItages oof the flame accel e1ra ? on, .wilore thre ecu, I ow

velocity is low, the d(lmiinarnt mechanism is the rate of hl,,,.th of the "flao
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'folId". [uL a~s the0 Homie speed( 1 ncred,us, the, foldotd III'e1 for a qi Ven o~tdIcl e

con f i Lra Li on will a ~pproach some a symllto Li c ld maximu s inrc the Hoamo cannot. bie

stretched out, indefinitely. Beyond this, the I hmin acce Ierit ion will de!pend

more on the smrall1 sc~al e turbulence intensity which qover-ns t~he born i nq r'ate

of the "fl ame fol ds". The small -,Cale turhul mnce deci-iyes it, o nerqy f romn theý siear

flow orad ient of the mean flo(w field , thus the flamle speed wil 1.ho qovernIed

by the rate in which the finl( scale turbl-enlce Canl der'Tive its erQIl(y from0 the

mean s hea r fl1ow. For the initial Stages (of the flIaime ac~colera tionl vihere Lho

(level opmnent of the "flame, fold di (omI inates, a comhiut.er - iiiin1aLion of the traan-

s lont minvscid flow struicture shlould be adecluah I.e tm ite(terinlo Hi0~the f lame1 I(:-

coleratiora due to "f 1 din fold" area increase. ho the Idkm rLersaqvs of' Othe fl ae

*accel1eratIion, whlen the fold(1ed structure a pproa. he 5 sotom steady val1ue anrd sandl I

scale turbuflenŽce dominates subsequent flime acceloera Li on, it should( he possi.'ble

to model10 the acct lea at.ion ana lytical ly by poJlI at iii- .i iloendieniene of Lho buhrn-

ing velocity on sinaI 1 scale tur-bulence. In I hi fpapri vo' shiall propyosea

simnpl e feedback mnechianism for thle laltter' staq.I' 0I Lithe tll~ 1 a~e coet-ation

based on the assumption Lit~h the inrcrease" intb) Lh d t-o (it 111111i nq of the "f lam"

fold" controls the acceler~at.ion proco,.sI. The diltii ks of the initialfla

acceleratLion lead inq to kThe estdtbl i-Owent of the "I harm', tilld" wil I riot bp

considered.

4. hRe~suit~s. an-d Iicso

Accord in0( to I owus-end 11) the Lu rho 1 emi' i nites i t y iu '/u in) a pl one

wake is of the order- of (0.4, vihero U,' is the root. 11ieni '11o1 turt-ul eit v''lo-

city and u is Ltie mean voloci ty variation acao o Lioi r.w'e I f wel takeýP i A

one hialIf thet( ma x imum flIow v el1oc ity a hea d o f thet f 1 awie ,v,.a ob0 )ta in a t u r u I( ntL

cveloci ty it' --0.2 fZ in the wake of the otil Ucl o' Mioiei ot the I loire. Tovm,,eiid '

condous ions are based onl f ully developed turbuo I''i. f low ill the far viake re ion
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'lot alfl obstL(. I(.e inl anl i If iIl Le stre~amibi t. the (-;I jitidhli of 1 0i fll,

("02)inl the nearll Wake, re(ljiOnS' 01' bli JE ohsL~ii If", in) a liunudairv layer is

supported by metieaurvniiintLs by Chang Colin i filn I) li Ii I Ia mld JI( V ',ni tin a hIi,

reccent mnea suremnen ts il our, 1(ib)0ra tory. Townsend a 1 so i uo ti' a va I ti of

Ul( _! 0. ?IL ( i . e. , o.1 ~ 1z rot thle ontra i nlioen 1. vi' Inc i I., i . v . ri Le atL
0 0

which nont-turbulen~t fluii d flows throuyh the hound in oijsrflace of the wake anId

becomnes turbulent. 1 bus (is thle spoeed of the f laimenrae bJterm

turbulent velocity anti the rate ot. wh i ch the unliji-nod qija ahnad of' thle flimvti

is ma1de turbulent increases,,.

To model tioe feedback, moician i sill based otil ni:rea',e inl "''l dine f old"'

burning rate due to this increase inl turbul en(e w.it fl awe'1m sIlied , let %v, focus

onl thle rcegion around the ntih obstacle and dolnoto i'in' avveraije speedsý of the

flame front thromilh the req innS Just before and ins,, I*itoir this obstLacl1e by

Rf(n-1) all(l %(n) , resýpectiveýly. Thesýe f lamer \p'd.will] bei di'Utiini nel by

the respective t~urbti 1 n . bur~ni nq vel oc-tie!. wh!.h mi ct i-d inq to nlw prev inns

discu~ssion (dependi onl lot.h1 t~he rel a tivc Si /" of tii "I I.):' fold)1" and onl the

"1 flamie fold" burn inq ~aI. If the rel1at.ivye () .I fiiti' 1-inle fold' (i1.' *

relAivo to the ~rj.'oc led area0 ?411))riaisIh i',Ii ne''i i 11OPW

speed is duei( sol ely Lo~T an increase ill ''H1aluto lohi " hilIi 'o ra I.e * i~e. , ink.1ease

il effective burn lil nij ye Inci ty at the ''tiaim' foalld I' li.. Ilak inq the sso

tion that this biiiroinq rate isý propi't. inna I toi u') (i ot the .orle i a ioli

proposed by Abdel -Cayeil and lhradl cy 13 for hiqh inti.eviisit.y i stiLi-opi i. tiirl'til enc~e

for exatupI e, 11 0.2-18) we findl thiiat

f(n) k~n- )(*r I()

where %u '/u is thle re lai Live i ncrease i n turbulence dueI( to tie presnce (,I the

obstacle, and we have assumi'il thtUtm / *:I

Hihe increase, inl turbuAlnKce in tile deve loiii I , ,i e re'j io nitll. 1 not
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1he un iforil OroiiqliouL tiio reit ion bptwA en theoh bill.prho will develo flouIto

anl iniiti al t.rai'dlitn 11 )0 mt, which (ipelieii Oil tLit Peyiiil ds number oil Ihe. f low

anrd LIthe i it it 1 a toLrbio 1 enCI) and spread als ihere of ti' (to ille st~reaii fIuin di is

en:u I f ed in11to the wa ke . For the IF Wlae s peed s We a re colcvi ned w i Lti the 11i i

t i al Ithirbo 1,i on anrd Reyno I (I s numibe rS a re so I c ic en t. 1 y Ia r'o st) thatL tran it,,iL ion

can be considored to occur right it the ob)s ta clI i t, v f . I en(e , U' /' Whitich1

represent~s t102 relativo i ncr('ase iT) turbil ence avei'aqi'i over the nt~ite tICV)l ion

between the 0 bs U cles will depend on the sepama t. ion o f tLie ohs ta c es and onl

thje 1)1 ockaqe! rat io It/[). I f we assumel a liill near qovtlh of tho req ionl with inl-

creased tor-hln1 nce ill the neal' wake and a powler bkpeiwoiecv onl I I/D we ohtt ain a

rela ti on of thbe for'm

between the averaqe f 1 amo speedsý hef Ore and a f 1ti' tb', nI oh-.toc 1I v.here *

s a .onis tan t and L i . a I ong Lth %,il i (:h cha rac_ ti' i- L' he yrowth o f the, to t ti,i o n t

reg ioil. 'Ihe assotillt. ion of linetar qrowt-h of theý turhoulent. req ion inl the near

wake reqgion i' rather a rhi tra i'y bUt as, We sn ,h eeIii a5111) OY . i )001 doe, Qiive

the correct sca) i nq f rmii ohsWtad C .niifi ijurYa t im. v iitl 1) 3. /h cim tko obta(t~cle

cootf i(IolrationS wi thi p lo cmi. Al though Lcjua I.l o (!)) 1ii). hieiil oht a imed by

focussing! Oil the req ions ,jiist bef ore aind jutj,, ot tl'i t ho' nt-h obstacle, Ohe re-

sul t does riot idepeniid oni the relative size ofth' Li "i IIod. A oriq o2. thltŽ

relative size of tho "flaimie fold"' reiiai ns the Sxia i nd the rela tivoe ni'eicreat

in turbuleonce depends onl the ohstacle Cotif iqiira V~il 4 illy, exmatly tLhe ,ajlno

arotuiiierts, apply foi' any sioeIlm fold".

) iliii, tin', above i.lm~d io I ill dol.", tiiit, 4 44' i, ud Ili (.iiitr h~ot l I (I ) to 1 inei

accel1ertat ionl dun to inlCrea "e ini the relIa t.ive -Ii,''' i o ff Ill h f lawe f hIif "i d ( it ca-

riot desc r ibe, the. it I. aI a (:(.eIeratLi onl. Houwever, I I wo iseni'l thlat L I' ho Vl

'' lmefod 4111 IFoI( urn;i ratLe domit na Les the larit'( I r ribr I. i.n irn.i¾ aL tor t he



('laue! has prpi)F1UJLed over n1 oscetHen I or nI ii .Io (..at ir,i t qa t. Hi;

00

tor obtain1 the aboveo rel a Lionbcoe

R~(nr k(no x 0) D 1)0

I) it (U

I n othlle' ird, ,OO itL i pr(d i c t-ed thaLt. the f la, v o 1I) I t.,, I ni(.voao l( s ex onon ia 1

Wi th r for r 1, A,. c:,in be seen in I i quro'I 1. hi rodit r t i, noI .opporuted

by the! vx])cŽFiI)Cmtl 10501 ts. I i s chosevn It 6;( ill vi i LA h t 0. 31 a nd

p0  37 .5 cm, Equ a tion 7 prov ides aI quod CO. Co 1aLi001 o0 t he e~xperi mental resul1ts

from al1 the (ŽXp(rilheo ts iLrlq) 0])! tobsa e cool i tiJu- t. Hill, Wh i(hi incluC1de the 1.2 Lill

co pper tu ib e sp1)i ra 1 In fact t- , tor lwe ox per I iflili I i I I+oppe('r tu he Spit 1

obstacl os ontly, the correlotao Ii 0 ISqo (lood oi t~o .1101. 31. (i:- oft flo-i t~raove

[ The pFCIict ion for the lre 4 (1Wl ohs tories'l. vith till, 5li'ara~ne Lill" 't a11 p

us i w) Lquo t. oilo 6 ratLhor than I quo L ion 7 t h o o ti fu . aa prX vil aLi oil

is not Val idii n tbhis caso , s, lhbwan ill I i qur 8. w a Lro'lr .h Lill,

exper imental resull Ls5 is, (pliite ij(loi for r .". t() (1 1o.,![cant devi atLi on are, c. learl y obs;erved I or ) r

The LranitSioLin from~ f lame accelerat~ion dkv!0latild by the raeM

fi ame fold(1 rowtb to iccol era Lion domnitlat.d by IIhe il r re Ix.1 i:Oin iII

burn ijo ro t is, ci ea Iy riot. a shtarp owe. IbThol 1 ti a111" it.I i, e

%herej- 1)0th lejji il r ('j lO 1y imlportanit and01 ill till-, I-et ion the I 1 atnI'

acceleraotion is c'xpectrd tW be greatest. IbAt t hi' mitlati ale t on(t

the f lame ik (]r'oatir tI~im thato . pI'I(icteiI by 6lti midii I iS 1. etwrly

ev identt in both F'i oures 7 andi 8. Noo Lehat for r UtI Il the curve', ,hotilti

converqe' to anl initial fHamo velocOity of' 3.3 m~l, (If tmn itiii ilice~'l "flarne
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[old"' hOuf)iiq IMP to q 0%or i o tluiiinae Lho tiic-I Pii' 'ro Lion1 Iuuroc a n iiiplo m iodel

of the Ifeedbac k mrechan ism based on a posit iv O Pii'ili ik torpIi fInq hothr'er t hi

turbuI nlrrce prr'oduiced by tLre ohs Lacl vs' anid the I* I' peiod¾ pirod i C saii OXIlwii'rr

Si al i ncrea se in f atie speed whi Ich agrees wel 1 wi i thl~e vx I ion La I resir 1t.q.

In fact , [.ejnaLion 4 wh i ch rvl a~ Lothe Lha uqe in I I oe %pvi'd to t her lni'o i n

torholec 01candf he applied more0 qenera11 ly. II. wouiild predict., for exai'plv0

that the Fl awe will slow down if L here wereŽ no oh',I lacos beyond a cer'a in li st.-

ance ; the change in ijrhul onco i otens i ty Au' wonl MILen eventual ly bomor no 1-

gativo and the f lame would deceler'ate. For' thriore r, thep pmaraivetrs p andil

jin pd ot1 cula p dO , woul h Ile expvc ted tLo dupond (rr tionmo' ry ( e. 1l drad C C

Si ndr ical or sphieri cal) and to lie Lons t~aut only in a Lert din range of p/il.

I Ie prod ic ted expolonent.ial 1 udred So ini fame onpod cannot. coot i run

inde fin i tly . As the Il awe speedl inIcroansOt( Stv nreiqth of tLie shock waves

produced will incrao a.i nd shock wave heat inq wooii " i iduit h turbuln1ot. mix inol

may lead to anuto- iq Lri.ion near' the l eadi lng .WO ' ii" !nl hi cli %Psi a LO'"110 d

shock wave react inn 20"0r COMpIO loWay cONtU to ru' ainuitpt at. a Ciciant vu'lo-

city charactenristilc of L he obstacle conf iqurat1iii. 'ouwir rnwplid ca; plexr''

with veloc i ties delirud inq on the oh:,Lacle ...nn in "at im 't ni M iic n-A u Or Man

the C-d deo tna t.ion velocity huave hoon nlsei".i ii, cd :iors 1.1lr

ther po;s hi Ii ty is that tire Met ol chiemical rriinn hpop UP M'n2~te ILK ti

factor'. As tho F lam" sin'rd i ncre'ases Lhe i utan¾it y ut 00e tAurrLO 'In(' tiio

regions bet~ween ohs t~ic 1 r inreaner~sO.leahwin to ti;' abnorved oxl:morot~ial flm

of a ('oiiil01.ibhI qa 'aS t . a given pressure ciai hurn. thini sc rr'lorrt¾~o t) tLn'

well stLir'rrd reictonr. Monri at a certain turhulbrl h iiit'''SitIy chepimr'y oq iriS

to play a r'ole. If tLre rate of tur'bulent. mixiii': vol ,'(''the Mer' at. wiichi

the iiixt~ur' can buirni thew flame ray hie Rueip0rari'i, bIrin" Mr or' Wll'. y qworn lid.

Such ilucrchirol has iRon'i olservol bV W~aqlne anldnil lahuri orAs, 16for oxa~'nlo



()ill i'Y. per ivueilto I rv'esn I' vi o h inuchl I- I W int, Si'''' ii 1 ft' 1 aio ',o wii (1 fi ll.n

stoi chI omtetri c ii tI Lint'-o i )- mi xLtire show no InI icra 1. 1 onl I, la 1. thei, 1.1 v' prie (

is appwnach i fc) a ma ItiM itilnii Vo III(. Ilitis wo woutl ( oxp I thet I iaeIi, o~ nuoI t. I i hu

Lo accel (Ier Le Li) even It l~ijt -((, 1f amte s p teds if t.Iiti o I, Lot Io' co i I, itm a L. i on 035

IIheI( X 1,1innunl 1 I allie spovd observed wi Lh no h ac15i Lii' chai tdir

was 9 ni/sC, an(d no 1cc(l era Lionl was~ ohserveii illi' ' t.l( CO ull ol propjik~jl

t ion. This is a lmttnA twicc t-he value' observe~d inl I in t(, 10 aItrd ilt; 01lio::i'er

in the lahur t~ory. li) h ttae(11ioaLiilliliiodiiiio1.n

roucjime S of th be odOti l aflesh lal 1W 1 ii h I. v)af tia in il l to,)I sej'ar t- .ion diie

to st(tJ'lOin of' 1110 tooil 1abLi. 1he plo to separo t inno .itl by (IS In:mh) 41s 1col

Over the~ area of' the chamber. 1 his variaoLk.i ()1 to l ait'o %e¾orotlion a11 so .,c.couilts

for Lho Fici. Uit.t Ol th fl ailo 1,i eds, at 30 cml \wo' ,'itil Iatir than11

those obsei veil in tho sutii~i lr lahora tory [hmi in ii r,' ohs La..le krt-

f i iuratLi on . For' 11/0 0.31 WitLb 1 .21. cm cnj'ippor tuhmiti sche; fin exoaii~

the 1 aboro tory exp:e iiuen V w itLb the same otiS Iak Ii'. a ot thii li/h. I'll v"'tri a ion

in ' Il d e Lo soqý, i ni 1 oa',i t~o ian uncer La i ty i t 11: )1 n . o n trd if t hi tintt

ccer~a inty isý Laken i nto irccnmnt. tho two resul II.- ott' illAitI'ttt

1heN streniljki of thie shock waives piumbim Iet lvý i'si fast. tnthtili'

an L 'tt.S were nn0 L Iwo 11" Io r'ed i 0) a sys Lumai L i c tmanner , .ua t.po nt i su t

fit. Lhoi jut.i (li')' of Ulii C1,11o ittmlt' t T kd't' illed ito I-I m d m'if, i. a m'N-1 ij I.

siut't2 it) om oft, Uiotu t'xporlitultiýt For' lue la~to.SC I h! - ii I.hta'1 xiti I hI~

spceti of 1115 tm/sec. I Shock w,1(1OVLŽOvrInessune '0 of ')-- liar vitvs obta nm'd. AcLCOId-

ing Lo the oLaysIu' nflysis of Guirao it 'i. il hi., wtinuld eI o srmr to

a Constant burninq veboc it.y of about 35 tml/s to [it' CO:iarou w ith1 il 1* tI\ IVh

Lurhut ent, hurmi nq VelIoc~ity of 5)5 il/s& obta i nori u' , Iii~i I 'I, o L i tilt 'Iv. it it a (!on% i ty

ra t io o f WI SimliIlal-], f orI tihe fI llme w itL ItAr, ikI ttI,; v in ) I y 0O.*'.! a



11r10 'aS I I, d '~thot ove p~r ei t r w a% hat w' I y it I I I(:( /i ! .I I Lo (tI itv o a I.

%qi thi a Itllx 11110111 turi Iil lentt 11 I t urn in Ve loi iy o 1 41 1 1000 1' o o I o rd iP Ifo p i aLIon 3,

In v iew of the (ldrama L. ic drccP I l'd Lion ofI the f' I ann'' oh%'rvu'd in lot hn of I '1--;e

came thii (iisagreemonl'(L wi th AM'~(Y sta0te tOLaI"IfI i IOni' iiiU'd "0i UV IX lw- ;III-

A ~~in Ofvelbc ity is not s:uvlpr i 'Inqj S Lrehlow A al 1. havo recently showni thIa t,

calculaLions ns inq ccnnitint veoci ty lonVuVs fman'i nO tin' nndXinini VI lecive

burn i ng vel oc ity of aCCOla erd 1. i Fi lames ca clea (d to) ain ulvorI' imano Ieof Ihle

max imum oven'prvs ure . r"AhLiernnore, I. ~ionti(i 3 Whi i-. ino have uninl t) cal IculaWo

the turbulenit horn inq velocity may have to he wodi nivid for violentlIy CILWnA'er -

ing I bum';i INli aq rvviowi with staedy AtMl alti y% n I% iru i..h IeM Or for Utin

slower flamies. Or' the flCiii am wit maximium siii- of'''f VA I)/s , for- exannlPe

the mffodsuI'i' shock ovupI'io'urvi~' is 0.06 barn i ct' (> illS dinqfil to a Avatdy StO t

buringi if Vel(c i ty of about 1.1; 11/ to he conmpa~red wi fh ?d nm!% MAW~ ir frern

Equation 3.

S.Cooc 1uS i ti

.1Iii ildl uI 'l~tlv of, l'pid ea tio nt)-to (.I- 1' (I: rt-! y I 0IC I ' oI.h1'

mie t on m ie-a iI - i I a no n' in c y lI in nuflicc m I iji'u i 'try b A ''t'i i n .'¾ 1 . iq af e d W tii h al T o r m

whr te IWe fo'ofra'jaLion could hie ofier'ved "vn'or a1 ditanice of t Lii.1 hii

inetiaion (:0111i 111 thfe dramao ICinn OI uen0r ouI oitlo on~0 thoc s%'evd f

the o v rnfiori' te yinu Iy a d nmo,vtI.". L,4 1 rop-, t,u I o'ifh nLi at! t, 1 f P riam

spe~ed conit inues1 to illcueasen up to ocohietf in e.\lv! of' WA M1n/et. 11e QW',ii

waves S ln r (j L e(i d t by tLfe!,e lia-t tuil'io kl(-t I hii,'' o vi' , :oV '0ýiln, ij Lo) %,. to

bar I, ,al %q d i 1- 1to e ad( t o extensive Wi ot wavo damol.n '

*~ ~ ~ ~ ~ ~ ~ I mvi iichain i 'niliepoms i ml for the rn n oi( Li' roIa io of I0 h1 t le owod1

in an WhNWac1 elvni lollilelL ca h11 e umiders Lod in WP''.' of the po t.iv Ne o rd -

* L~~~~~ack cOWilil W wo1ti2ii'il Lhoi flamnie adIV thiŽ iiVt'fni up ra !!inip iioli...' b; th o I rue i' iC



foeduncc k ii'c han i sinl propm eil i n1 a pi ov i oil" Ia I't' 1 con f i 1.11 I'll hy '- ptik

~schI vrellt phoLtuonrtaptis it I Life 1 lame propaIqa t. ti nvi' umr h- u1 t(' I w i n o. (t, WI l-

1 ie(. acc e le rat.i on of' Um f 1,ane ti pemni (lii on hot' Hiill' rah oA' fi) tI-unAIl

of tho ' fi lanie fol1d'" relatI.i ve to iprojec t.eil I lroo niandi' onl the( ilf ro tea

it) the ''Hamiet fol d" burn inq ria e. 11n the inl it. ial 1 st .i-p' of Lhoi Ii aItm w.-

coleratixit1 tit( domnin~oil wrchinin i m is the ro L ill (III ut-h of t~ht "I( tairl f old"

but as t he fC 1l it!;w ''d i rmra ows tie rate of nit rvxi .1 inl the "I are, f old

born in'j rah1. ho(Jll" i LO' Inchiii ni Le (he I 1 1im act.ol' I itIion 'rt.'s A ii;e

feedback mechan j~i ';' k) tse kw tLho latt-eor i' 0 W ii th ali-o ~jt i in

60Sa Oeilo Lilt' aSljilptI. iuln Lhat ".ie ilncre s e inl tl ilt (4 ra i tori. imt of' tLheo m

fold" (ion to ther toihol :'nt.e pinodue(d hy the ii' I* o h';nit.rol s. thle cee -

Lionl prfocess'. 1111i", Moith' 1ane t~"ia d h' ,.i ld' (i i ide'sl" rat (.oni-

Lntue to (iji'w) li~i; at rood~y heluei (-tLabiij ,lwd, )Il 'iiImt. Ill' IdI.o (of hiit- u11, of

pajts intio. .1heý de ta il of an 1t Li' tt h tlent. ( , ' .i4J n twi Lilt, I)1U ( t Ori t .lii'

co~ihus Lionl '70110 ire' n`1. c';ls itt red. 1!'( muodI 1~. I lian extioneit jal 1 n-

CEdC r ei If f1 lame s poee w ith Iti d;~n. prtaa '2 L'I itS1lQ Os , N11~ 11 i s]

crea se ca lit I. coin Li ie ino i t!o inI i eL01 v , tio (IV Id 'o 1, !h,1. I !;, fI armsoedis

proachinn, a 1 irii tint' v'lneli wasý bond inl tile p '''ot ''oi''i'ints.

Un' itet.l 1, 01 Ull' itti tial cciit ItI!-(\ f la11i0 whuikt.i jiivio .t0s

bolth ''Clant'io ioi di n'j" ' ini i ni~reti e in it am ''C 0' I' tlii~ i a e (utu to In 1111-

le tic. f 01' tIn'o cri ticil si ' (if the ''I i c! fo I m-' \ii ( itt Ill tait'%o I' i~ k1,1 Ii

of time, '" 1 awe fol'I"' (.an hte fii'I uctct! cannotL!:, I -t' 'iii n-d frati tihe ;wvres':)tt

anatys is. A more tli't.a il .'Jtitdoll of Lit'' fin.. I toll 1*11:f- l'' thi licvo I ti ~~is i-

i iiq ftI am'o pv pi'i'jl a L i nit ovi' r tihs t.,lC Iw1 i's a o. of 1 1. t 1' o' li)lIl j~'r ~



s iS reII jd Lo) descr i ho 1hC i n i ti al Namue jmco'l qratio mO)Hd to r'st.hunit~e tl;h,

Size. of the flamie fold. lIIvest~igetiorls with Owe *ii oI(f devoluipiuq ,wich al

iuodeol aei now I i ll' 111 rio(J l'OSA
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Figuyre 1 scheoin tic diiavlranll of" oxiler ilmneii1 ta ;t-pFor t ailie

pofl'I a Lio(n exIII r lient L .

Figurn 2 Schemati c cross-f5ecLioiwa vioiw of efIerilnneiL~i chiltr'

Show ingi the OhS tICI1 CCOllf i ijirlLioin.

F ig~ure 3 Sc hem t. c d ic a (J11 f' t) h Ce Mi aic prpl~() aqLio 011cIi tineo

with Oi a s

Fiynjtre 4 Spark-schl ivren ;hntoqrai;h'. oif <s mi. hi omriieLc nmet.ha ne-

air; ft ni pr p t10 1 il 1 w~L7 ~ W a 1''ith a i'd t. j (iii

11 3.81 cm1.

fl) CuIwilnol %.i vI Lb 5.-H (In. th~y i c ill t he Wcold

and loni'lLh obti ci es.

air Fiif' jIl pa3 ; Lion ill Ih~~ of vwidth '.)'I c rII

w i I o i) t")C$ c Ob1)stLa ce I 'ht Ii 1.2 .';bt I C 1

a)Dry ice in) Liie next. t~o Ii . n i C1

b) NO (11-y iCe U',ed.

[ ~ ~~ sigure 6 SchematiLic d jaqeilt- il 15(i i 11a; riopailaLm non ve't

17 J Iur 1 1 Ilt aue veoci ty RI vs. (iIi aw ei 11 .1i ripaiji Liniu r- f or

L o i c: It i oine Cr i c motha nle -a inr I 1h' - . le ';o 1 i dcurtves,

Corvus P;J)llul to EquatLi on / ai; tii (4z 31 an 3uu i ..5 cm.

ý70
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a) Coppo' tunhe j) i~ ;aI- It 1 1, (n 1 3.1)c oi

hotL Loll )1 plate, Ip as t.ic I~ d (1 4 iiH"l 1) 1

onl tot) pfla te If/I) 0.1)11

b) Copper tube sp iral onl hot.o I le 11/ 1.34.

(c Coppor tube spiral1 on holt omn Ilav 11/) 025

(I) CoIpper Luhbe s1)i ralI ool hot.tom 1) la to; 11/0 0. 12 5.'

The exper imentLal1 po in t M. I. 0 (.l i, f'~rom the lahora tory

resn 1 V of Refeorence 7.

Figure 8 f1 fm nIcit 1  S( S111 t~r~dj i(f 'Io

SLo ich i omLer ic methane-air 1 t 1 h m.l i d ctirves.,

correspond to [(p13 Lion () vIii .h 0.3] and ) :3W.' crl

IDasne( curves are drawn throw~ijh dit.a IlointS for x 00( cm,.

a) Plastic tuhe spirals; 11 4 (.mI, 1) 10 cm, onl hoth

tot) and hottorn pt a Lvs; IIli (1.W,,

P1 (ISLasi C Lu he sp)i ral onil Im f 1 Iii-t.V - If/ ) .5 1.

r. ) 10astic Lubie Sf '15 ') tot' I 1 001:. on y;,

aon ) t~toml plat~; I1/Ih ().q

d 1) 1(1a-Li C tulle yI Ia1 (Mi 1))t ti 0- 1 n Id /!) 0. 33.
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APPENDIX III

The In flunence o f Corif i nemlent onl the 1))opo q t ion of
DetLona t ions near the Detonabi I i ty Lini ts*

*Paper submi tted to the L i ghteen th Syripos i umn (In tet'nati anal )onl Gotbus t ion



1 Introduction

One of the fundamental properties of an explosive gas mixture is

the composition limits of detonability., At the present time it is not pos-

sible to predict the detonability limits of a given mixture theoretically

and the limits must be determined experimentally. Experiments to determine

the detonability limits are usually performed in detonation tubes. Since a

fairly strong initiation source (eg., a solid explosive charge or a volume

of readily detonable mixture) is required for near limit mixtures, long tubes

are required to ensure that the influence of the initiation source on the

propagation of the detonation can be neglected at the observation section

near the end of the tube. Just how long a tube is required for a given ini-

tiation source is not known. Furthermore, the influence of the tube itself

(i.e. , the tube diameter and the cross-sectional geometry) on the propagation

of the detonation is not known. In fact, no generally accepted operational

definition for the detonability limits based on experiments in finite length

tubes has been established. Manson et al 1) have suqqested that the fluc-

tuations of the local detonation velocity U relative to average velocity Um

be used as criteria for the stability of the detonation in a tube. They sug-

gest that self-sustained detonations for which U. and U agree within aboutm
can be considered as stable. However, this is an arbitrary definition.

The appearance of near limit phenomena such as spin has also been suggested
2

as a criteria for the limit in a given tube, but it has not been established

that the appearance of spin or other near limit phenomena in a given tube

corresponds to a unique composition.

Further studies are clearly required in order to achieve a better

understanding of the influence of the tube and tne initiation on the near

limit propagation of detonation waves in tubes hefu'e a *me.•ninyful c~eratianal

definition of the limit can he deduced. This paper reports on the first

-EMMA



results of our investigation on near limit phenomena in tubes of different

diameter.

2. General Considerations

It is now well known that the classical theory of a detonation'

which regards a detonation wave as a strictly one-dimensional structure con-

sisting of a shock wave followed by a reaction zone is an inadequate descrip-

tion of the detonation phenomena. Numerous detailed investigations of the

structure of detonations over the past 50 years have shown that the propaga-

tion of a detonation is a complex three-dimensional phenomena involving the

interactions of finite amplitude transverse waves with the leading shock front,

the reaction zone and the boundaries of the system. The kinematics of these

interactions have been explored in considerable detail by various investiga-

3, ,tors. Although the three-dimensional transverse wave structure of deto-

nations is observed for unconfined detonations, the most detailed investiga-

tions of this structure have been done in confined rectangular or round deto-

nation tubes. In these cases, in particular for conditions marginal to the

propagation of the detonation wave (i.e., close to the detonability limits),

the influence of the tube walls cannot be neglected. The tube walls have

two different effects; namely, an energy and momentum loss associated with

the boundary layers and a stabilizing effect on the transverse wave structure.

For small diameter tubes the observed decrease in velocity with decreasing

tube diameter 6 ' 7 can be understood in terms of the influence of the boundary

layers.8,9 On the other hand, it is also observed that an apparently self-

sustained detonation in a confined tube fails once it emerges into an-area

--.• . - .•,-•,-. • • _. • L' ,L .•• I
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expansion or an unconfined region.5,11,II For a given mixture there appears

to be a minimum critical tube diameter required in order for the detonation

to continue to propagate under unconfined conditions. It has been suggested

that this critical tube diameter is related to the characteristic transverse

wave spacing of the detonation. 2 ' 13 In other words, a minimum number of

transverse waves is required for a self-sustained detonation in an unconfined

situation, thus indicating that the pronounced three-dimensional structure

observed in tubes near the detonability limits is stabilized by the confine-

ment provided by the tube walls.

A possible relation between the spinning detonations obser.,ed in
S~2

tubes and the detonability limits has been discussed by Dove and Uagner,

who -iggested that the condition for stable propagation of a detonation wave

in a tube is for the reaction time to be short enough to maintain the spin

mode of the lowest frequency in the tube. Thus if the onset of the single-

head spin structure corresponds to a unique fuel composition, the limit could

be defined on this basis. Associated with this limit there would then be

a characteristic chemical length scale which can be related to the tube dia-

meter and geometry using the acoustic theory of spin detonations of Manson14

and Fay.15 The success of theacoustictheory in predicting the frequency or

pitch of the transverse or spinning vibrations observed behind the detonation

front further indicates that boundary conditions do play an important role

for the propagation of detonations in confined tubes. In fact, according the

the acoustic theory of Fay and Manson, the spin frequencies are entirely deter-

mined by the boundary conditions and do not depend on the details of the coupl-

ing between the gasdynamics and the chemical kinetics which gives rise to the

transverse instability in the first place. The only condition being that the

reaction time or chemical time be short enough to maintain the spinning mode,

as discussed by Dove and Wainer. i



-The mechanism by-which the transverse waves are excited and main-

tained is not completely understood. However, the work by Barthel and
Steh 1w6  b 1 7  1o8~~

Strehlow, Erpenbeck, Toong and others has clearly shown that acoustic

and non-linear perturbations can be amplified through the coupling with che-

mical energy release. The amplitudes and wavelengths of the perturbations

required to trigger the various instablities are not known. However, it ap-

pears that detonations are unstable to perturbations over a fairly wide range

18of wavelengths. According to Toong the acoustic kinetic interactions depend

on the order and the enthalpy of the reaction, the activation energy and most

important of all the ratio of the characteristic acoustic time to the chemical

17
time. This is further supported by the work of Erpenbeck who established

the stability limits of detonations for various degrees of overdrive assuming

a first order Arrhenius rate expression. Although the range of wavelengths

ove, which the detonation is unstable depends on the activation energy and

the degree of overdrive, he finds that detonations are stable only at short

wavelengths (i.e., short compared to the length of the reaction zone), and

also at long wavelengths for sufficiently large degrees of overdrive. From

these investigations it appears that transverse waves with wavelengths over

a fairly wide range can be excited. Thus the transverse wave structure of

a detonation will depend on the preferred transverse mode (or modes). This

preferred mode will be determined nnt only by the gasdynamic-chemical kinetic

coupling, but also by the boundary conditions (for example, the geometry and

diameter of the detonation tube). As long as the characteristic transverse

dimensions associated with the boundary conditions are much larger than the

characteristic wavelength associated with the chemical kinetics and gasdyna-

mics, the boundary conditions will play a minor role in determining the

transverse wave structure. However, for tube diameters of the order of the

characteristic transverse wavelength or smaller, the boundary condiLions

will begin to play a more dominant role, so that for the same mixture the
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detonation phenomena observed in a small, diameter tube could be completely

different to that which would be observed in an unconfined situation or in

situations with different boundary conditions. Not only could the structure

of the detonation wave be different, but composition limits of detonability

could also vary with boundary conditions. In fact, it may be possible to

trigger "detonation" phenomena in a tube outside of the limits of detonabi-

lity for an unconfined situation. The phenomena of "galloping" detonations
19~ 20O2

observed by Mooridan and Gordon, 1 9 Manson et al, and Edwards and Morgan2 1

may be an example of such a phenomena. If this is the case and if the onset

of the "galloping" mode is sufficiently precise, then the onset of the

"galloping" mode could also provide a criteria for determining the detonabi-

lity limits. The "galloping" mode is a longitudinal mode with periodic des-

truction and reformation of the detonation and,as has been pointed out by

22
Urtic'v and Oppenheim, the reformation process is identical to the transi-

tion form deflagration to detonation. "Galloping" detonations can therefore

be considered to consist of periodic transitions, in which case the tube

walls and confinement are known to play an important role. However, the role

of the transverse waves, which are observed in near limit mixtures in main-

taining the detonation wave is not understood.

We have undertaken a program to investigate the propagation of

detonations in long tubes (14 m) of different diameters (5 cm up to 30 cm).

The aim of the program is to determine a criteria for establishing the deto-

nability limit in unconfined situations based on laboratory experiments and

to investigate near limit phenomena to clarify the role of confinement on

the propagation of detonations. This paper reports on the first part of

this investigation which involved a detailed study of the propagation

of detonations in ethylene-air mixtures niar the lean limit in

two long tubes (14 m) of diameter 5 and 15 cm. The transverse wave structure

U. -. .... .. . . ,~



of the detonations was observed by pressure transducers at various positions

along the tubes as described in detail in the next section. A detailed dis-

cussion and interpretation of the results are given in Sec. 4 and Sec..5 is

the conclusion.

3. Experimental Details

The experimental apparatus consisted of two steel tubes of 4.8 cm

and 14.5 cm in diameter with respective lengths of 14.15 m and 14.63 m. The

ethylene-air gas mixture was prepared in continuous flow with the required

flow rates of each component gas monitored via the pressure drop across ca-

pillary tubes.

The accuracy of the gas mixture produced was within 0.1% for the

flow system associated with the 4.8 cm diameter tube and within 0.2% for

the 14.5 cm tube. To ensure proper ga's concentration in the experimental

apparatus, the filling procedure consisted in first evacuating the tubes,

then filling them with one atmosphere of the required gas mixture, followed

by a further flowing of gas mixture through the tubes at one atmosphere for

an equivalent of five fill times. All the experiments were done at one at-

mosphere.

The velocity and pressure records were obtained from P.C.B.

Piezotronics transducers located at different positions along the tubes

(Fig. 1). In the 4.8 cm tube the first two transducers were located at

2.3 m and 3.3 m from the ignition flange. Next a series cf five transdu-

cers 0.5 m apart, with the first being used as a trigger, was located near

the middle of the tube starting at a distance of 7.32m from the ignition.

Six more transducers were located near the end of the tube. The first trans-

ducer situated at 10.82 m was uEd as a trigger. The next transducer was

connected to a Bioiiation digital recorder so that clear pressure traces could

. .
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be obtained. All other transducers were used in conjunction with standard

oscilloscopes to obtain their respective pressure traces. Similarly for

the 14.5 cm tube a total of nine transducers were used, with three located

near themiddle starting at a distance of 7.32 m and separated by a distance

of 60.96 cm. The final six transducers were located near the end of the'

tube as indicated in Figure lb.

The ignition system consisted of flowing a slug of oxy-acetylene

gas mixture into the tube and igniting it with a high voltage capacitor

spark. The gas mixture concentration was varied between equimolar and 20%

- 80% 02, and slug lengths between three meters and half meter. A slug

of half a meter was found to be the minimum length in which direct initiation

ofa detonation could be reliably obtained because of diffusion effects bet-

ween the oxy-acetylene and the test gas mixture already in the tube. The

characteristics of the ignitor were determined by detonating different con-

centrations and lengths of theignitor slug into air. The shock velocities

were measured at the end of the tube for the different ignitors and in all

cases relatively weak shocks of similar strength (450-550 m/s) were observed.

Finally two spirals to be used in the 2.85 cm diameter tube

were made from 0.32 cm copper tubing. The length of each was 1.5 m and the

pitchesvere 15 cm and 1.6 cm. They could be positioned either near the

beginning (1.535 m) or near the middle (6.81).of the tube.

4. Results and Discussion

The detonation velocities for different compositions of ethylene-

air observed near the end of the tubes are compared with the theoretical

C-J value in Fig. 2. The experimental points correspond to the average

Velocity measured from the set of transducers near the end of tubes. As

can be seen from Fig. 2, the velocities measured in the 4.8 cm diameter
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tube are in good agreement with the theoretical values over the whole range

of compositions from 6% to 3% ethylene in C2 H4 -air. However, in the larger

14.5 cm diameter tube the observed velocities begin to consistently deviate

significantly from the theoretical value below 5% C2 H4 in C2 H4 -air. At

3.5%, for example, the observed average velocity is approximately 13% lower

than the theoretical value. As will be discussed later, this region also

corresponds to the region where the pressure structure of the detonations

in the two tubes differs significantly.

These results are for "self-sustained" detonations which are

directly initiated by the detonation of the ,.ceLtylene-oxygen charge (super-

critical initiation) and whose observed velucitý i, constant over the last

half of the tubes within experimental errors (t 3%). If the initiation

charge is not strong enough to produce a detonation initially (i.e., sub-

critical initiation) so that a decoupled shock flame complex is observed at

the first two transducers in the 4.8 cm diameter tube, or if obstacles in

the form of Shchelkin spirals are placed in the 4.8 cm diameter tube, com-

pletely different phenomena are observed. In these cases large fluctuations

in velocities are observed for mixtures which exhibit strong single head

spin structure for super-critical initiation. The phenomena is analogous to

the "galloping" detonations observed by Mooridan and Gordon,19 Manson et al,2 0

and Edwards and Morgan. 2 1 The wave appears to propagate in a cyclic manner

exhibiting large velocity fluctuations with velocities ranging from 2100 m/s

down to about 900 m/s. This phenomena of cyclic propagation is observed for

subcritical initiation for 3.5% C2H4 and below. Unfortunately, with our pre-

sent ignitor system, subcritical initiation above 3.5,% C2 H4 could not be

achieved in a reliable manner, so that it cannot be concluded that similar

propagation phenomena are not possible in richer mixtures. When Shchelkin

spirals placed near the beginning of the tube were used to dissociate the

.J
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detonation wave, the observed transition near the end of the tube is tile

same as that of a galloping cycle, and for fuel compositions below about

4.5% C2 H4 the original spinning detonation is not re-established by the end

of the tube. Thus, although apparently stable detonations are observed in

the 4.8 cm diameter tube all the way down to 3,% C2If in C2 H4 -air, the d6-

tonations which exhibit clear single head spin are very sensitive to both

the initial conditions and to the boundary conditions. By changing the ini-

tiation energy or by placing obstacles in the tube completely different modes

of propagation are observed. Also, detonations in the same near-limit fuel

mixture but in thý, two different diameter tubes have significantly different

structure, the propagation velocity appears to be constant in

both tubes.

For mixture compositions far removed from the detonability limit

the pressure records show a typical multi-headed detonation in both the small

(4.8 cm diameter) and the large (14.5 cm diameter) tube. Examples of such

pressure records are shown in Fig. 3. Even for these compositions. there are

distinct pressure variations of the order of 5-10 atm near the front result-

ing from the three dimensional structure of the detonations. However, the

frequencies of these variations (,ýlO0 Kc/s) are an order of magnitude larger

than the characteristic lowest mode spin frequency (--l0 Kc/s) and the pres-

sure vibrations disappear within two or three cycles. Thus for these mix-

tures the characteristic chemical gasdynamic transverse wavelength is an

order of magnitude smaller than the dimensions of the tube and there is ap-

parently no strong coupling of the detonation to the boundary conditions.

This should be contrasted with the structure observed for near-limit mixtures.

Fig. 4 shows typical examples of pressure records ubserved for 3.3% C2!4

Notice that the structure of the detonation in the small tube (Fig. 4a) dif-

fers markedly frcm that observed in the large tube (Fig. 4b). Both pressure

- w



r7r
- 59 -

traces show the characteristic pressure variations due to a single-head spin-

ning wave behind the detonation front, but since the diameter of the tubes

are different the spin frequencies are different. In the small tube the

characteristic time of the pressure oscillations behind the front St 0.1 ms

corresponding to spin pitch P = tU (where U is the wave velocity) of about

15 cm and a spin pitch to tube diameter ratio P/D = 3.1. Similarly, in the

large tube the characteristic time St = 0.27 ms corresponding to a P/D ratio

of about 2.5. The pressure pulses observed in Fig. 4 correspond to pressure

variations of the order of 10 atm and are clearly not acoustic pulses, never-

theless it is useful to compare the observed ratio of P/D to that obtained by

considering the pulses to be due to an acoustic spinning wave. For a purely

transverse acoustic wave we have 1 5 P/D = (), where c is local speed of

sound and k is the root of the first derivative of the Bessel function of

order n (kI = 1.841 and k2 3.054). The theoretical value at 3.3% C2 H4 is

P/D = 2.97 which is in good agreement with the pitch to diameter ratios ob-

served, especially in view of the approximations involved (i.e., acoustic

waves, C-J values for U and c). From these observations it is clear that for

this composition the spin pitch or spin frequency is determined by the cha-

racteristic dimensions of the tubes rather than by some characteristic length

associated with the rate of chemical reaction. This conclusion is further

supported by the observations that in the small tube the same spin pitch to

diameter ratio is observed over the range of compositions from 4.2% to 3%

C2h4, indicating that for these compositions the confinement or boundary con-

ditions determi'ne the transverse modes which dominate the propagation of the

detonation. Similarly, in the large tube transverse modes characteristic of

the tube rather than the mixture dominate the propagation between about 3.5

and 3% C2H4 . At 3% C2114 some of the single head spin detonations that ap-

peared to be stable over the first half of the tubes (i.e., for about 7 in)

were observed to decay completely by the end of the Lube. Thus as the

•- .......... ... • . . i . . ..• , . ... . . ==•.... •. ... . .. . . ... . . ....... . . . .. . ... ,..•, , . ..• • , .. . . .• • • = .• . ........,,.,. . . .. .. . :. ... . ... .. ... .9
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characteristic spinning mode associated with the tube gets further and fur-

ther out of tune with the characteristic chemical time, or equivalently as

2stated by Dove and Wagner, the chemical reaction time gets too long to

maintain the spin mode, the detonation becomes unstable. Below 3% C2 H4 we

were unable to maintain any form of detonation modes in either of the tubes.

As mentioned previously the single head spin mode of propagation

is also very sensitive to the initial conditions, indicating that the coupl-

ing between the gasdynamics, the chemical energy release and the boundary

conditions must be properly established for a steady state detonation to

propagate the length of the tube. If this coupling is not established from
the beginning a "galloping" mode of propagation is observed. This phenomena

appears to be controlled by the amplification of transverse waves in the

reaction zone behind a leading shock front. Pressure records of the dif-

ferent phases of the propagation for 3.3% C2 H4 in the 4.8 cm diameter tube

are shown in Fig. S. Fig. 5a shows a fairly weak shock wave (Ap = 6 atm)

followed by a reaction zone with intense pressure oscillations in excess of

30 atm peak to peak with a frequency of the order of the spin frequency. The

second trace which is taken 50 cm downstream of the first trace shows the

amplification of the pressure oscillations and the catching-up of the reac-

tion zone to the leading shock wave. The velocity of the leading shock wave

is 966 m/s or about 63% of the theoretical C-J velocity. The stage at which

the transverse oscillations have just caught up to the leading front is shown

in Fig. 5b. This leads to an overdriven detonation with a velocity of

2087 m/s which then decays to 1687 m/s between the last two pressure trans-

ducers. (Both the two top and two bottom traces are taken 50 cm apart, and

the two middle traces are taken 1 m apart). A pressure trace taken 50 cm

prior to the first trace of this figure shows a weak shock front (:1 7 atm)

followed by intense pressure variations at a time interval of 0.25 ms behind
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the leading front. Notice that the transverse wave is absent in the over-

driven state. It is not clear why it has dissapeared so quickly, however

the effective reaction zone would now be much smaller and the low frequency

mode would be incapable of being further exited. This is supported by

Erpenbeck's17 calculation showing that overdriven detonations are stable

to a wider range of wavelengths than C-J detonations.

The overdriven or fast mode of propagation is further illustrated

in Fig. 6a. In this case the velocity between the two top traces (separated

by 50 cm) is 2050 m/s, and the wave decays to 1650 m/s between the last two

traces (separated by 1.5 m). Notice that tile characteristic pressure oscil-

lations begin to reappear as the velocity approaches the C-J value of about

10 m/s, lending support to our previous argument for the absence of trans-
' 17

verse wave in the overdriven state based on Erpenbeck's analysis. The

pressure trace shown in Fig. 6b is taken at a position between the bottom

two traces of Fig. 6a. This trace shows that the wave actually consists of

a relatively strong shock front (Ap = 11,2 atm) followed by a high pressure I
region (Ap = 20 atm).

These results clearly show that transverse waves which are coupled

to the tube are amplified in the chemical reaction zone behind the leading

shoLk wave and a mode of unsteady propagation, consisting of transverse wave

amplification with subsequent catch-up of the transverse wave region to the

shock, resulting in an overdriven detonation which then decays and leads to

a separation of'the shock wave and the reaction zone. The process then re-

peats itself.. Transverse wave structure in the shock flame region during

the dissociated or slow phase of galloping were also observed by Manson et

al, 20 but their role in the unsteady propagation was not recognized. The

explosion which occurs as the transverse wave catches up to the leading

shock wave is similar to that which can also occur in flame to detonation
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transition as Urtiew and Oppenheim22 have pointed out.

To further clarify tile role of the transverse waves for the propa-

gation of detonations in tubes we inserted Shchelkin spirals at various po-

sitions in the small tube. Two spirals of different pitch were used, one

of pitch 15 cm which corresponds approximately to the spin pitch observed

in this tube. It was found that this spiral had almost no influence on the

propagation observed at the end of the tube. However, for the spiral of

pitch 1.6 cm the effect is quite dramatic. As shown in Fig. 7 a this spiral

completely destroys the transverse wave structure and the spinning detonation

is completely dissociated as it leaves the spiral region as shown on the

bottom trace. When this spiral is placed near the beginning of the tube,

reformation due to the build-up of transverse waves occurs for composition

above 3.5% C2H4. A typical record shows the transition about 7 m down-

stream of the spiral region for 4% C2 H4 is shown in Fig. 7b. This transi-

tion is virtually identical to one phase of the galloping propagation ob-

served with sub-critical initiation in 3.3% 1 4 shown in Fig. 7c. Notice

that in both cases (i.e., Fig. 7b and 7c) the transverse vibrations in the

reaction zone amplify and finally merge with the Ic,:ding shock wave. In

both cases, higher frequency modes are excited behind the leading shock

wave and the velocities of the leading shock waves are between 900 and 1200 m/s

(i.e., less than the C-J detonation velocity) during the merging process.

The near limit detonation phenomena observed in confined tubes

are clearly strongly influenced by the spin vibrations associated with the

characteristic modes of the tube. In fact, for mixtures whose characteris-

tic gasdynamic-chemical transverse wavelength is less than or of the order

of the transverse dimensions of the tube, conpletely different modes of pro-

pagation are observed depending on the coupling betwceen the gasdynamics,

chemical energy release and the walls of tile tube. Due to the strong

I r



63-

influence of the confinement, both single head spin and galloping detona-

tions are observed over a fairly wide range of mixture compositions. These

near limit phenomena depend more on tile tube than on the chemical kinetics

of the mixture. For different size or geometry tubes these near limit

phenomena would therefore be expected to occur at different mixture compo-

sitions. Thus detonability limits which are to be extrapolated to infinite

tube diameter or to the unconfined situation must exclude these phenomena.

We therefore propose that these detonability limits be characterized by the

composition at which clear single-head spin first appears in the tube.

At this composition tile characteristic gasdynamic-chemical transverse wave-

length is approximately tuned to the size of the tube. This does not answer

the question of the number of transverse waves required for an unconfined

detonation, but it does provide a length scale for a given mixture composi-

tion, i.e., the tube diameter or the pitch of the spin, which can be used

to estimate the characteristic wavelength in an unconfined situation for

this mixture composition.

If we use the above criterion, we find that the lean detonability

limit for ethylene-air mixtures lies between 4.5 and 4.2% C2H4 in the 4.8 cm

diameter tube and between 4 and 3.5% C2 H4 in the 14.5 cm diameter tube. The cha-

racteristic transverse wavelength of the mixture has therefore increased bya factor of

about 3 for acompositional change of about 0.7% C2'l 4. Typical pressure re-

cords showing the appearance of single head spin between these compositions

are shown in Fig. 8. Fig. 8a and b are pressure records of detonations in

the 4.8 cm diameter tube at 4.5% and 4.2,% C2 H4, respectively (note the dif-

ference in vertical scale). At 4.5% the characteristic time of the pressure

oscillations is of the order of 50 psec (with still higher frequencies ob-

served near the front). A time of 50 psec gives a spin pitch of about 8.35

cm and a pitch to diameter ratio of about 1.72. This therefore corresponds
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to the second lowest spin mode whose pitch to diameter ratio calculated from

acoustic theory is 1.81. At 4.2%, the characteristic time is about 90 Its

(although there is some slight variation in frequency near the front) giving

a pitch to diameter ratio of about 3, which corresponds to the lowest spin

mode in this tube. Fig. 8c and d are the pressure records at 4% and 3.5',

C2 H4 in the 14.5 cm tube, respectively (note the different in vertical scale).

The pressure oscillations near the front at 4% are separated by a time of

about 0.1 ms to 0.15 ms, which is about half of the characteristic time as-

sociated with the lowest spin mode in this tube, indicating that a higher

mode has been excited, at least near the front. This can be compared with

the pressure oscillations at 3.5,% which show no indication of any mode other

than the lowest spin mode whose characteristic time is about 0.28 ins, cor-

responding to a pitch to diameter ratio of about 2.8.

The variation in characteristic wavelength with composition is

expected to be very dramatic near the detonability limits and it is expected

that for sufficiently large diameter tubes, single head spin would not be

possible. The critical tube diameter above which single head spin is not

observed would then correspond to maximum transverse wavelength possible

for the mixture, and the composition corresponding to this characteristic

wavelength would be the composition limit beyond which a detonation cannot

be initiated no matter how large a volume of mixture is available. Clearly

experimental investigations in different diameter tubes are required before

any extrapolation can be attempted. These investigations are now in progress.

5. Conclusion

The propagation of detonations in confined tubes is clearly in-

fluenced by the confinement provided by the tube walls. This influence

becomes particuldrly drariatic for marginal detonation waves with characteristic

*~~~~- 
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transverse wavelengths of.the order of or less than the tube diameter. In

these cases single head spinning detonations whose pitch is determined by

the diameter of the tube are observed over a fairly wide range of composi-

tions. The structure of detonation therefore depends critically on the tube

diameter and is maintained by the interaction of a combustion zone instabi-

lity which couples to the characteristic modes of the tube. Thus for dif-

ferent diameter tubes, different characteristic transverse wavelengths are

observed for the same mixture composition. Since these spinning modes,

which are strongly coupled to the tube dimensions, would not occur at the

same composition under unconfined conditions or in tubes of larger diameter

we have proposed that the equivalent unconfined detonability limits be cha-

racterized by the composition at which single head spin is first observed in the tube.

This then provides a length scale associated with the detonability limit

which can be extrapolated to different situations. Based on this criteria

we obtain a detonability limit between 4.5-4.2% ethylene in C H -air in a
2 4

4.8 cm tube and a limit between 4-3.5% in a 14.8 cm tube. Although this is

clearly insufficient for any extrapolation it does provide a basis for fur-

ther work in different size tubes which is now in progress. I
The role of transverse spinning waves in maintaining a detonation-

like phenoiiena in a round tube have been further clarified by varying the

initiation energy and by inserting Shchelkin spirals at various positions

along the 4.8 cm diameter tube. It is found that waves which exhibit appa-

rently stable single head for the length of the tube for super-critical ini-

tiation propagate in an unsteady cyclic fashion analogous to galloping de-

tonations for sub-critical initiation. The propagation of these unsteady

waves is controlled by the amplification of transverse vibrations in the

reacting zone behind the leading shock wave. As the transverse vibrations

amplify they catch up to the shock wave leading to an overdriven detonation.
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In this overdrive stage the transverse vibrations disappear and only begin

to appear again as the velocity approaches the C-J value. The

process then repeats itself. A similar phenomena is observed with the

Shchelkin spiral in the tube. In this case the spiral destroys the trans-

verse wave structure and the wave dissociates, transverse waves then amplify

in the reaction zone region and transition occurs when these waves catch

up to the leading flame front.

At this stage of our investigation the results are qualitative in

nature but our detailed observations on the role of transverse vibrations in

maintaining detonation-like phenomena in confined tubes suggests a new ap-

proach for further experimental and theoretical investigations. These inves-

tigations are now in progress.
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Figure Captions

Fig. 1 Schematic diagram of the experimental apparatus.

a) 4.8 cm diameter tube,

b) 14.5 cm diameter tube.

Fig. 2 Comparison of average detonation velocities measurmd at

the end transducers in the two detonation tubes with

theoretical Chapman-Jouguet detonation velocities for

different fuel compositions.

Fig. 3 Typical pressure records of multi-head detonations in

ethylene-air mixtures.

a) 5% C2 H4 in 4.8 cm diameter tube. Biomation record:

Time base: 20 psec/div.

Vertical scale: 6.8 atm/div.

b) 7.8% C2H4 in 14.5 cm diameter tube. Biomation record:

Time base: 20 psec/div.

Vertical scale: 6.8 atm/div.

Fig. 4 Pressure records showing single-head spin detonations in

ethylene-air mixtures.

a) 3.3% C2 H4 in 4.8 cm diameter tube. Biomation record:

Time base: 100 ps/div.

Vertical scale: 6.8 atm/div.

b) 3.3% C2 H4 in 4.8 cm diameter tube. Biomation record:

Time base: 100 ps/div.

Vertical scale: 6.8 atm/div.

Fig. 5 Pressure records of near limit phenomena observed in the

4.8 cm diameter tube for sub-critical initiation of 3.3%

C2 4i

2 ..
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a) Amplification of the spinning wave behind the shock

front at the end transducers.

Time base: 0.2 ms/div.

Vertical scale: 13.6 atm/div.

b) The transition process observed at the end transducers.

Time base: 0.2 ms/div.

Vertical scale: 13.6 atm/div.

Fig. 6 Pressure records showing the fast phase of the propagation

of galloping detonation for sub-critical initiation at

3.3 C2 H4 in the 4.8 cm diameter tube.

a) Top three traces are taken 0.5 m apart and the bottom

two traces are taken 1.5 m apart (at the end transducers)

Time base: 0.5 ms/div.

Vertical scale: 13.6 atm/div.

b) Biomation record taken between two bottom traces in Fig. 6a.

Time base: 20 psec/div.

Vertical scale: 3.4 atm/div.

Fig. 7 a) Pressure records taken in the region of spiral obstacles

of pitch 1.6 cm in the middle of the 4.8 cm diameter tube

showing the dissociation of the spinning wave by the

obstacles at 3.5% C2 H4 . I
Time base: 0.5 ms/div.

"Vertical scale: 11.3 atm/div.

b) Pressure records showing the transition process 7m

downstream of spiral obstacles of pitch 1.6 cm for 4%'

C2 H4 in 4.8 cm diameter tube.

Time base: 0.2 ms/div.

Vertical scale: 11.3 atm/div.

U . ... * -'.--
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c) Pressure records taken at the middle transducers for

sub-critical initiation of 3.3% C2 H4 in the 4.8 cm tube.

Time base: 0.2 ms/div.

Vertical scale: 11.3 atm/div.

Fig. 8 Pressure records showing the onset of single head spin in

ethylene-air mixtures.

a) 4.5% C2 H4 in 4.8 cm diameter tube. Biomation record:

Time base: 0.1 ms/div.

Vertical scale: 3.4 atri/div.

b) 4.2% C2H4 in 4.8 cm diameter tube. Biomation record:

Time base: 0.1 ms/div.

Vertical scale: 6.8 atm/div.

c) 4% C2 H4 in 14.5 cm diameter tube. Biomation record:

Time base: 0.1 ms/div.

Vertical scale: 2.7 atm/div.

d) 3.5% C2H4 in 14.5 cm diameter tube. Biomation record:

Time base: 0.1 ms/div.

Vertical scale: 6.8 atm/div.
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APPENDIX IV

On the Scaling of Blast Waves from Fuel-Air Explosives*

* Paper presented at the VIth International Symposium on Military

Applications of Blast Simulation, Cahors, France, June 1979.
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In a conventional, non-nuclear weapon, a strong blast wave of hiqh energy

density is generated by detonating in the surrounding atmosphere a concentrated

charge of solid (or high) explosive (henceforth H.[.). Because of the relative

small dimensions of the concentrated charge, the charge dimensions, its geometry

and the characteristic time for the energy deposition can usually be ignored.

Therefore, blast waves generated by concentrated charges approach ideal point blast

behavior at relative close distances from the source. For these ideal explosions,

nearly all the chemical energy reledsed by the detonation process can be considered

to be transferred to the shock front and subsequently dissipated in the surround-

ings as the blast wave propagates. Given the mass of the solid explosive charge,

the blast energy E is thus known a priori for ideal explosions and a characteris-
0

tic explosion length Ro /p )1/3 can be derived to scale all ideal explosions.
0 00

The destructive potential of conventional weapons, i.e., the blast damages, can

then be easily estimated from a standard chart giving point blast overpressures

Ap and static and dynamic impulses Is and Id, respectively, with the scaled dis-

tance R /R° where Rs denotes th." s.hock radius

For certain mil itary applications, blast waves generated by fuel-air ex-

plosives (henceforth FAE) with moderate energy densities and moderate initial

strengths may prove more effective. In an FAE weapon, the fuel is explosively dil

seminated in the atmosphere to form, an explosive vapor cloud and then detonated

subsequently by one or more initiatin. -harges. Depending on the rate of fuel dis-

persion and the ignition delay, the vapor cloud dimensions (i.e., the cloud radius

Rc) mJy he qui te large. As a result of the relative large dimension of the cloud,

vapor cloucd explosions generate non-ideal blast waves which scale accordinq to the

clOud radius R in the near field. In the far field where the distances are lar(iec

CU fTf'. '(l with the charactri s ic dirmee ,i o of Hlh, cloud, [Al hllast w•v,,, should

d( ,u v aiccotrdliO t n tIw hO i/;,hr,-I ,iidai•i-Pl• h.m ; ,'';tpIiti" ,r l i rI n as in tihel rl ca,, of

ide,,l poilit lil,'.t, waves, hence scale accordin•n kr tho nxpl(),iJo n lenqtih Q(). There-
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"for'e, FAC weapons require two characteristic lengths for scaling in the near and

far fields, respectively. Whereas the cloud radius R can readily be estimated,

the explosion length in FAE weapons can no longer be assessed a priori like in a

point blast explosion. For fuel-air explosives, the actual blast energy can no

longer be equated to the total combustion energy of the reactive mixture since a

significant portion remains in the combustion products in the form of internal

energy. Furthermore, because of the large dimensions of the FAE cloud, the blast

decay outside the cloud can be drastically affected by the details of the energy

release processes inside the cloud. In other words, the effeccive blast energy

may strongly depend on the various possible modes of combustion of the cloud (viz.,

detonation, volumetric explosion or deflagration). The effective energy should be

the actual work done by the expanding interface between the combustion products

and the surroundings. The blast energy cannot be assessed a priori since the path

of the interface and the pressure variation on the interface can only be determined

after solving for the blast flow structure itself. This in turn requires the nume-

rical integration of thý gasdynamic equations with the )propriate initial and

boundary conditions of the problem. Such numerical computations are also very ex-

pensive because good accuracy in the far field requires the use of very fine step

sizes.

To estimate the blast energies from fuel-air and oxygen explosives, the

AuthorsI have used the simpler [Brinkley-Kirkwood theory (henceforth B-K)2 and match

the far field experimental overpressure decay with distance 3. Good agreement was
achieved with blast energies representing approximately 20 and 251 of the heat re-

leased by detonative comhustion in stoichiomAtric hydrocarbon-air and oxygen r.lix-

tures, respectively. On the other haid, Fi shhurn usinq 0j)1enheiM's numerical cute

(viz., CL(O110 cod(,)' has estii Ate tho blast enerqy from HIAPP-air detonation at ap-

proximatn ev 37.21"• of thQ cro-lhu-tion onnrqv. The CLOWU) code does not callc:ulate the

work done by the exp)andinnq intorface, but the blasIt enerqy can he estimated from

thr iirst law of thormodVnamnics and the interface pnOSition %-!hen the overpressure



to the hydrocarbon-air datased in Ref. 1, it•is difficult to..xpi..the
at :the interface returns to zero. Since ,APP-air detonation data4 are very simi-

lar to the hydrocarbon-air data used in Ref. 1, it is difficult to explain the

discrepancy in both estimates for fuel-air mixtures, the CLOUD code blast energy

being almost twice as large as the value derived from the B-K theory.

Furthermore, blast energy estimates from volumetric explosions of MAPP-

air and hydrocarbon-air mixtures differ only by a factor of 1.25. For MAPP-air,

Nishburn's blast energy estimate of 33.6% of the combustion energy is almost equal

to his blast energy estimate from detonation and suggests that blast energy may be

independent of the combustion mode. For hydrocarbon-air volumetric explosion, the

AuthorsI have estimated the blast energy at approximately 42% of the combustion

energy by assuming an isentropic expansion of the explosion products since no ex-

perimental data were available to fit a curve of overpressure decay with distance

as performed for the detonation case. This value which constitutes an upper bound

for the work done by the expanding interface is more than twice the Author's blast

energy estimate from detonation and suggests that blast energies in hydrocarbon-air

mixtures depend on the mode of combustion in complete disagreement with Fishburn's

conclusion. On the other hand, the Authors' blast energy estimate from volumetric

explosion in hydrocarbon-oxygen mixtures of 22Z% of the combustion energy compares

well with their 250 estimate from detonation and tends to support Fishburn's con-

clusion regarding the indepenlence of the blast energy from the mode of combustion

in the cloud.

This is an important question to resolve since volumetric explosion may

occur if partial or total confinement of the cloud is achieved or by heating uni-

formly the cloud to its auto-ignition limit by radiation or shock wave. The ini-

tial strength of the blast wave from volumetric exolosion being approximately half

th, val•, from detonation results in a slower decay of the blast strength, hence,

4lrqutlr d,,1.les in the, intri'(eia te field4. T hereforn, FAF we.apons in which the ex-

plon;ive Vpo" cloud is Vol um1etricl 11, xul ,!,•d may be quite attractiiye for militar"

api icItillS

-Now
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Reliable blast enerqIy estimates from FAE should also resolve the import-

ant problem of far field equivalency. Far field equivalency implies that ideal

blast waves from H.E. and nondieal blast waves from FAE are equivalent in the

far field. In other words, on the basis of the blast energy alone, blast overpres-

sure and impulses can be estimated for these explosions in the weak shock far field

regime.

In this paper, a reliable numerical code is developed to compute the

blast energy from vapor cloud explosions for far field scaling of non-ideal blast

waves in relation with FAE weapons. The present study also resolves the important

questions of blast energy dependence on the mode of combustion in the cloud and far

field equivalency of H.E. and FAE blast waves using as a particular example the

blast waves generated by centrally ignited detonations and volumetric explosions of

spherical clouds of stoichiometric hydrocarbon-air and oxygen mixtures.

2. Vapor Cloud Explosion Models

2.i. C-J Detonation

Assume that at time t = 0, a C-J detonation is initiated at the center

r = 0 of a reactive cloud of radius Rc and propagates at a constant velocity D in

the reactive mixture. The burnt gases behind the C-J front are expanded and de-

celerated to zero velocity by a centered expansion wave. The self-similar flow

field behind the C-J front can easily be computed for any given reactive mixture

with prescribed initial conditions, namely, composition, pressure, temperature,
6

specific heat ratios of unburnt and burnt gases and combustion energy

h1hen the detoncition front reaches the cloud edge (r = Rc, a shock wave

is transmitted into the surrounding atmosphere and an exnansion wave propagates

back into the explosion products. The subseauen t flow structure inside and o!ts ide

the cloud is no longer self-similar and can only he described by solving numeri-

cally the time-dependent, one-dimensional , spherically syir.ietric, adiah"atic
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eýiuations for compressible, non-viscous arid non-heating conductinq, perfect gases

subjected to appropriate boundary conditions, viz.,

where

Joe n(e+ l)
(2)

s - 1p• /r

- ~- 3)

A~ ~ (4)

where ,, p, T, u and y denote the density, pressure, temperature, particle velo-

city and specific heat ratio, respectively. The relevant boundary conditions at

the shock front are given by the Rankine-Huqoniot relations,

CL(As)6)A's(5)

iAc,'I/-)
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wmhere • I' , H denotes the shock Mlach number and subscripts S and o character-

ize the shock front and the initial conditions in the surrounding atmosphere. At

the center, the boundary conditions require the flow to be at rest, i.e.,

2.ii. Volumetric Explosion

Assume at time t 0, a volumetric explosion occurs in a reactive cloud

of radius R of prescribed composition and initial conditions as in 2.i. The re-

sulting pressure and temperature increases can easily be calculated by combining

the sceady-state, conservation of mass, momentum and enerqy equations, viz.,

where

Subscripts u and b characterize unburnt and burnt gases, respectively and Q denotes

the combustion energy per unit mass of reactive mixture. In deriving Eq. (7) it

has been assumed that the molecular weights of unburnt and burnt gases are the

same.

The suhse(uent propagation of the transmitted shock in the surrounding

atmosphere and the rnflected expansion wave in the explosion products are obtained

by solving nm1erically the unsteady qasdynamic eOuations (Ens. 1-6)..

3. Numerical Analysis

lhe (• 10.Ill code which solves the unstadyv qasdvnarlic equation-; in

""eS... ... ... ... .. ' ' ". .. . • ":• • .. .. .. .. " • '•' -'•:• • " • . .... " " • -' .. . . .. .. ...... ,......•" • ," • I' •"i " • ... .. . • - i • I -.- | " I I
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Lagranqian coordinates is very adequate to calculate the interface trajectory and

properties to estimate the t.last energy from vapor cloud explosions. However, tile

code which uses the von NeOi'ann-Richitmeyer artificial viscosity to avoid shock

discontinuities broadens the shock front and also creates numerical overshoots and

undershoots which must be removed by the use of appropriate smoothinq techniques.

The present numerical codes uses an Fulerian, finite-difference alqori-

7
thm which combines Van Leer's first-order scheme with Boris et al's flux correct-

ed transport (FCT) technique to handle accurately steep gradients associated

with shock propagation and prevents large numerical overshoots or undershoots.

In Van Leer's first-order scheme, the centered difference scheme of Eq.

(1) is stabilized by a diffusion term, viz.,

CO F,(-H'(9)

- K~-(t) [F, W4)

where the diffusion coefficients k are defined as

a- ±±i.1
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[c:c.±I( l~~/~)(11)

where cn and un are the local sound speed and particle velocity at the grid point

n, respectively. To prevent overshoots near sharp gradients the time step At is

restricted by the Courant-Friedrich-Lewy stability criterion

± ll) (1?)

where the Courant number a is less than unity.

The FCT technique consists of thrce finite-difference operations: a

transport and a diffusion followed by an antidiffusion. In the FCT technique,

the value of the vector F in Eq. (1) is calculated at any grid point n at time

t + At in four steps. In the first step where transport and diffusion opera- I
tions are performed, an approximate value for F at time t + At is calculated byn

a finite-difference approximation to Eq. (1) at time t + At/2 and an additional

diffusion term, viz.,

(13)

The diffusion term added in E(o. (13) is an error with respect to Eq. (1) and is

removed in the fourth step by addinq an equal hut opposite antidiffusion
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i,n Eq. (13).

Some provisional flcxes necessary to remove the three-point diffusive

error term are calculated in the second step, viz.,

(14)

These fluxes are then corrected in the third step to prevent the formation of new

extrema in the solution or the amplification of existing exLrema when used to per-

form in the fourth step the antidiffusion of the first step. The antidiffusion

fluxes are given by

(0 5)

where

In the last step, antidiffusion is performed to obtain the value of the

vector F at time t +.At, viz.,

164)

1his technique which prevents the formtion of extrPia associatrtd withi



the diffusion term does not remove valid physical extrema arising1 from the term

ýFI3t in Eq. (1).

Combining Van Leer's scheme with the FCT technique, i.e., substituting

for Eq. (13), the first step in FCT, the following transnort and diffusion opera-

tions,

(17)

yields less expensive, more accurate and stable solutions to soine gasdynamic prob-

lems than by applying each method separately. Therefore, the Van Leer-FCT numeri-

cal method has been used to compute the flow structure associated with vapor cloud

explosions.

4. Results and Discussion

The propagation in air of non-ideal blast waves qenerated by centrally

initiated detonation and/or vol urIcetric expl osion of spherical clouds of stoichio-

metric propane-air and oxyvqen mixtures at initial pressure and temperature of I

atwocsIl h,,r(' Ot ?r,°(" r, sictivel,,, 0hve 1e(,on corm)ute.d nuw•ericlly usino the

Lulerian code described in Section 3. Propane was chosen as the fuel because it

re:)rey,,,1 a. l t,, ( l I,/droc,1tI'•,, '1nd furthorriore (,,,riiwntal blast data exist for

mecan i nt u co•ruar-i so~n . - both tmixtu're,, the relevant iproperties co rres'potndinq

to both conlwu'tioln •,.ds are (livyen in lable 1. B[c.ause of the diffr•nce in the



specific heat ratios of the comhustion products and air, the specific heat ratio

was varied smoothly around the interface from the explosion product value to the

air value to prevent the formation of overshoots around the interface. Tihe inter-

face location was obtained from mass conservation of the explosion products, viz.,

40

where R. denotes the instantaneous location of the interface and subscript u cha-

racterizes the unburnt mixture. The pressure at the interface was calculated by

linear interpolation. ,Numerical calculations were carried out to blast overpres-

sures of approximately 0.1 atmosphere and the FCT diffusion coefficientz) was kept

constant at a value of 1/8.

Typical pressure profiles for a propane-air detonation and volumetric

explosion~plotted in Figs. I and 2 with respect to distance scaled according to

the cloud radius Rcdemonstrate the stability of the numerical technique and its

ability to handle sharp discontinuities. Similar profiles were obtained for pro-

pane-oxygen mixtures with faster decay rates associated with higher initial blast

overpressures.

Blast energies defined as the work done by tihe expanding interface prior

to the formation of the neqative overpressure phase are found to represent aporoxi-

mately 36, 34 and 27t of the combustion energlies of detonated propane-air, ethy-

lene-air and propane-oxyqen mixtures, respectively. The propane-oxyqen value corm-
1pares well with the Author's previous estimate of 25'C of the combustion energy

On the othor hand, the present fNol-air data which compares well with Fishhurn's

value for *1APP 4 of 37.86, comnletely disaqrees with our previous estimate of al-

most 2 (Y'1 anUr demonctrates the danqer of using fitting techniques.

For volumetric explosions of prnpane-air and oxvcien mixtures, the blast

crnerc ies represent aJpprlxiinately 34 and 27". of the respeTctive conhustion energ'es



of these mixtures and differ from the correspondinq blast enerqies from detonation

by 6 and I%, respectively. Therefore, the present results support and extend

Fishburn's conclusion that blast energies from fuel-air and oxygen mixtures are

almost independent of the mode of combustion of the explosive cloud (i.e., detona-

tion or volumetric explosion). The larqer percentage of combustion energy appear-

ing as blast energy for fuel-air explosions reflects the smallest entropy increase

associated with fuel-air combustion (approximately 600% less than for fuel-oxygen

mixtures). Assuming an isentropic expansion of the combustion products to ambient

pressure, the percentages of combustion energy remaining in the combustion products

as internal energy have been estimated at about 57 and 70) for fuel-air and oxygen

mixtures, respectively, in good agreement with the corresponding blast energies.

Non-ideal blast wave overpressures and impulses qenerated by fuel-air

and oxygen explosions plotted in Fig. 3 show far fi Id equivalency when scaled

with respect to the explosion length R 0 . The B-K theory was used to generate the

far field data. Starting at 5 cloud radii, the fl-K data were found in excellent

agreement with the numerical data which were computed down to about 10 cloud radii,

except for the propane-oxygen static impulses. The B-K results for this parameter

are 20% smaller than the numerical results and may reflect the breakdown of the

B-K assumption for impulse for fuel -oxygen mixtures.

In the near-field, blast parameters reflect the non-idealities of the

explosion, namely the mode of combustion and the nature of the oxidizer. Volumet-

ric explosions are seen to be more destructive in the intermediate field where the

blast wave decay is slower than the decay resulting from detonation of the vapor

cloud.

Ideal point blast parameters also plotted in Fig. 3 decay faster than

the non-ideal data in the interrewdiate and far fields. In other words, strona

bla't wahves ol hiiqh eneroy density (enerlated by solid explosives are 1 ess destruc-

tive in the intermediate and far fields than the mojferate str;ngth blast .waves

w_7
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as'sociated with smaller energy density explosions. By matching the far field beha-

vior, an equivalent blast energy ratio E can be obtained. In the present study, theq
the overpressure curves have been matched at 0.01 atmosphere where the correspond-

ing scaled distances RAo are 1.7 and 2.4 for ideal and non-ideal blast waves, res-

pectively. The equivalent blast energy ratio E is (1.7/2.4) 3 = 2.8. There-

fore, the destructive potential of a non-ideal blast wave from fuel-air or oxygen

detonation or volumetric explosion is equivalent to that of an ideal point blast

explosion with nearly three times the explosion enerqy. This is a consequence of

the larger dissipation of energy in point blast with high initial overpressure. By

the time the point blast wave has decayed to an acoustic wave, almost no energy is

left in the N-wave. In contrast, non-ideal blast waves of moderate initial over-

pressure dissipate less energy as they propagate, hence still retain in the far-

field a significant portion of their energy.

Using the effective blast wave energy for scaling non-ideal blast waves,

theoretical blast parameters are compared in Fig. 4 with experimental data3 . The

latter were obtained in spherical balloons of diameters ranging from 0.7 to 6

meters, centrally ignited, The data are representative of detonations in several

hydrocarbon-air and oxygen mixtur(es and show no dependence on the fuel and a slight

dependence on the nature of the oxidizer (air or pure oxyqen). Empirical formulae

derived in Ref. 3 to fit the experimental data have also been plotted in Fig. 4.

[he measurements were carried out to distance- of 50 cloud radii. Theoretical

overpressures in the far field differ from the experimental data at most by In'%,

well within the 5-10Y accuracy of the measurements. The corresponding static in-

pulses show less agreement (2n" greater than the experimental data) in view of the

difficulties associatod with static fiupulse measurements.

5. Conclusinn

A Lul1erian nuMerical coAP usinon a flux-corecLvtd t rai,,isort tochniqii.

capablo of hanidlinq accurately sharp discontinuitips like shuck waw;ve has Ieon



developed to c., 11)ute tile effective energy of non-ideal blast waves generated by

FAE weapons. For most hydrocarbon-air mixtures, it is found that almost 37% of

the combustion energy actually goes to the blast wave and this fraction decreases

for mixtures with higher energy densities (eg., about 27' for fuel-oxyqen mixtures).

Furthermore, the effective blast energy of fuel-air and oxygien mixtures exhibit no

significant dependence on the mode of combustion of the reactive mixture whether

detonation or volumetric explosion. On the basis of the effective blast energy,

non-ideal blast waves from fuel-air and oxygen explosives are all equivalent in

the far field and the blast parameters (eq., overpressure, static and dynamic im-

pulses) scale according to the explosion length. However, far field equivalence

for ideal and non-ideal blast waves does not exist. In other words, far field

blast parameters from ideal and non-ideal explosions are not equal at the same

scaled distance. By matching the blast overpressure curves in the far field, the

equivalent point source energy for the non-ideal blast wave from a fuel-air or

oxygen explosive weapon is three times greater than the energiy from a point blast.

As a result, the destructive potential of non-ideal blast waves from FAE weapons

is found to be superior to that of conventional l.E. weapons in the far field.
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Table 1

Vol umetric
Detonation Exnlosion

APd nv Q
Mixture Fuel, % 1 tm3 () 6:y ( 8calI_8q)

C3H8-Air 4. 1.37 17.27 1.28 8.34 1.26 668

C2H4-Air 6.53 1.38 17.74 1.27 8.32 1.25 720

C3H8-02  16.67 1.29 35.2 1.13 17.2 1.136 2400
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Fig. 3 Air blast overpressure and static impulse decays with scaled distance
R/Ro for ideal point blasts, spherical detonations and volumetric explosions
in stoichiometric propane-air and oxygen mixtures.
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Fig. 4 Air blast overpressure and static impulse decays with scaled distance R/Rc for
spherical detonations In stoichiometric propane-air and oxygen mixtures ,
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