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..u€>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) clarifiad 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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Sunmary of Progress .

b Qur recent studies have led to some significant results which
: have profound implications in the area of vapor cloud explosion in gene-
L ral, and in the area of “shockless" initiation of detonation in particu-
lar. In brief we have; i) demonstrated experimentally that initiation

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

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

oy e L o

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

appropriate concentration and spatial distribution, 1ii) demonstrated ex-

BT ——

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)

E c¢tarified 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- 3

sions.

During the past year a significant milestone towards the realiza-
tion of an FAE III device has been reached at McGill in that detonation in

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

R NIV TP

? agent (fluorine) has been achieved on a laboratory scale. Laboratory scale
experiments are of necessity small scale and confined, and a considerable

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

nisms and to establish quantitative criteria for the scaling up of thes«

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

el Tl e ™ ke o e s

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

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

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 gbtained through the generation
of Targe scale turbulent eddies and small scale turbulence in the unburned
gas by placing repeated obstacles in the flame path. Laboratory scale ex-
periments on uncconfined cylindrically expanding methane-air flames with

repeated obstacles in the fiame 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 oVér-
pressures of the order of 0.65 bar can be generated in an obstacle environ-
ment. A simple theoretical model of the flame acceleration process based
on a positive feedback mechanism between the flow field generated by the
fiame propagation over obstacles, and the burn-cut 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 1imits determine the conditions beyond which an

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

T .

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

theoretically and the limits must be determined experimentally. Experiments

Lo determine these limits are usually performed in det:nation 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
Tean 1imit of detonability for ethylene-air at 1 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-
i 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 1imit there is
then a characteristic length equal to the tube diameter (or spin pitch),
and by extrapolating from results in varicus diameter tubes the limit for 4
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

1 Propagation of Detonations near the Detonability Limits based on our results

ruentic

is given in Appendix III.

The far field destructive potential of fuel-air explosive weapons é
1 has been assessed by calculating numerically the effective blast energy of

the non-ideal blast waves generat:d by vapor cloud exp]osives.‘ For hydro-

i

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

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

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

o it it sl

plosion). Based on the effective blast energy, far field equivalence of
non-ideal blast waves from fuel-air and oxygen explosives is demonstrated.

In other words, the far field, non-ideal blast parameters (i.e., overpressure,
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static and dynamic impulses) scale according to the 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

weépons. 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-
Tent 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 the far field, the equi-

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

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

H i e T r e i e ae

point Egast. Therefore, the far field destructive potential of fuel-air
and oxygen explosive 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 1IV.

In summary our investigations on the transition to detonation,
the influence of confinement on the 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 II1 for example, large scale feasibility experiments are being/gqunggdw.‘~«\

e

this year.
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@ 1. Pyrophoric 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 reievance to the developnent of the single event FAE 1II 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-

b 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

i 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.

BT T e e e g e <

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

T

charges of fluorine and oxygen (optimum ratio 10% fluorine and 903 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 (C H?). The oxidation reactions
then progress.rapidly in the presence of oxygen via a chain-breaking mecha-
nism leading to ignitior in the propane-air mixture and ultimately initia-

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

o Lo e e

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

. L}
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by von Elbe originally. The diagnostics in the present experiments include
a photodiode to detect the onset 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 iliustrating
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 catalytic detonation initiation in a fuel-air mix-

ture has been dcmonstrated on the laboratory scale.

2. Criteria for Deconfinement and Scale-u

Laboratory scale experiments of practical necessity must be small
scale and confined. To demonstrate the feasibility of an FAE III single
event device conclusively, Targe 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 parametvically. 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
very difficult in methane-air, requiring large initiating charges of solid

explosive (viz. Bull and Benedick). Thus confinement helps detonation
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initiation and propagation. For example, it is well known that if a detona-
tion is initiated and propagates as a well established wave in a confined
tube, it may fail when it emerges abruptly into an unconfined geometry unless
the diameter of the tube from which the detonation cmerged has a diameter
greater than some critical tube diameter for the particular mixture. This

critical tube diameter for unimpeded transmission of a detonation from con-

fined linear propagation 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 detonability Vimit which indicates the minimum
cross-sectional dmension or thirkness of a fuel-air cloud below which a do-
tonation can no longer sustain its steady propacation. A table of expori-
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 cioud 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 impliication 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 tha order of the critical tube diameter for that particular wmixture.
Moreover, the energetics of the initiation process would further require

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

the order of the critical energy for direct initiation of detonation in the
mixture. These considerations, therefore, provide quantita;ive quidelines

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

B L
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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 appzar 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 ethy]ene-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-cection slightly in excess cf a meter and several
meters long with a pyrophoric injection cross-section of the order of 50-80 cm.
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-air. 1t is obvious
that for the initiation process to be successful the dispersion time must

be shorter thah 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 simultancous 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 Aii Force

Base.
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3. Rapid Injection, Dispersion_and Mixing of Gases

In the original small scale catalytic initiation experiments at
McGill, manually activated toggle valves were used successfully for the
injection of the pyrophoric constituents into the fuel-air mixture. This
proved adequate because only very small regions of chemical activation
were involved and the dispersion was sufficiently rapid. In the uncon-
fined large scale bag test context, multipoint simultancous injection and
dispersal on a willisecond time scale would be necessary for reasons al-
ready outlined. Clearly the use of remotely activated mechanical toggle
valves with their relatively slow opening times and synchronization prob-
lems would preclude their use in this case. The requirement for detonation
initiation in a bag test would be for vory vapid injection, deep penetra-
tion, broad lateral spread and intense turbulent mixing of the catalytic
ingredients with the fuel-aiv cloud simultancously from several injection
ports to cover the critical cross-sectional dimension equivalent to the
critical tube diameter all on a millisecond Lime scate,  Such vequirements
would indicate an active rupturce type dispersion system and experiments
were initiated to study injection of gas charges into an ambient medium
via a piston driver-diaphragm scheme (Fig. 4). Arqon gas which has vir-
tually the same atomic weight as the fluorine molecular weight was used
initially as the injected gas into ambient air for Lhe penetration and
dispersion studies. A typical spark schlicren sequence of photographs
itlustrates a typical injection sequence in Figo b, Sulficiently rapid
injection and adequate penctration was achicvved in this way. tig, 6 dis-
plays typical transient shock-jet trajectories to contirm this. However,
when fluorine was subsequently used, its corvosive propervties affected the
piston ~liding trajectory from shob to ~hol in view ol the tight ¢learvances

in the honed cylinders requived for sealing purposes.  tonsequently this

scheme of injection was decmed too intricale and unreliable 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.1. 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 the 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 iliustrates this. Calculations at McGill using

a gasdynamic numerical code hava 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 wmotion of the contact surface is rcmarkable. 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 gas 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
cn diameter, the gas would disperse in a time of the order of 500 usec
over a spherica® volume in excess of 75 cm diameter. An added advantage
of this mode of dispersion apart from its speed is the fact that the iner-
tia of the shattered glass fragments would provide a "screen" effect
through which the contact front would penetrate and thus bocowe 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 twoe flask diameters apart.

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

it A SABAC n ci  Bda  mb n t 4n
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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 usec later fo 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.
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RLAST FROM A PRESSURIZED GLASS SPHERE
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1. Introduction
h g

V%olent fTame acénleration and enhanced transition to delonation
when turbulence producing obstacles are placed in the path of a flame have
been obsarved by various authors.]'3 However, at the present time, the ques-
tions of maximum flame speed and flame acceleratian in unconfined or par-
tially confined situations with turbulence producing obstacles and/or initial
turbulence are still far frowm being resolved. From the practical point of
view it is important to determine the flame acceleration and maximum flame
speed for a wide ranqge of turbulence conditions since the turbulence in a
cloud of combustible mixture, which may result from an accidental spill of
explosive gases and liquids, can vary widely depending on Lhe:naturc and
location of the spill, Cven if the turbuléﬁéa'1ovnl is low prior to ignition,

the presence of obstacles in the form of buildings, vehicles, pipes, etc., can

lead to large flame speeds and potentially dangerous blast waves.

At the present time, flame laws relaling the flame speced of a freely
propagating flame Lo the turbulence field or obstacie configuration are not
available. Such flame laws are required as inputb to existing numerical gas-
dynamic calculationsdvﬁ to cvaluate the resulting pressure waves, o that
the blast effects due to a fuel-air explosion in a turbuient environeent can

be predicted. We hove undertaken a program whose aim is Lo develop such

flame laws.

In a previous paper7 we reported on the dramatic acceleration of
cylindrically expanding methane-air flames when repecated obstacles were placed
in the flame path., With repeated obstacles of the appropriate sizes and
separations, (lame speeds up to 130 m/s were obtained, This was approximately
24 times the speed ébscrved with no obstacles. The mechaniam proposcd for the
rapid acceleration of the flame from an initial flame spred of about 3.3 m/s

:’ N . .
to speeds in excess of 100 m/s over a distance ot 30,5 om was based on the
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:positive feedback coupling between the flame and the upstream {low produced

by the specific volume incﬁoasg across the flame.  Wilh repeated obhstacles
in the flame path, gradienls in the upstream flow field produce "flame told-
ing" which increases flame area and hence the rate of burning, lecading to a
larger flow valecity and stronger flow field gradients, which then further
increases the rate of burning and so on. This positive feedback mechanism
can thus lead to a flame which, withoul some dawping ar limiting factors,

will continue to accelerate as long as the obstacle configuration remains

the same.

Most of the results reported in Reference 7 were based on experi-
ments in a chamber which provided only 30.5 cm of flame travel. A few ex-
periments were performed in a larger chamber providing 61 cm of flame travel,
These latter experiments confirmed the dramatic influence of obstacles on
the flame propagation, but the results were inconclusive on the questions of
continued flame acceleration and maximum flame speed.  To investigate these
question§ further we constructed a larger chamber so that cylindrical flame
propagation could be cbserved over a distance of 120 «n.  This paper reports
on the results of this investigation, Based on Lnese results tagether with
spark schlieren photographs of the flame propogation over obstacles in a rec-
tangular channel, a simple model of the flame aceeleration process is pro-
posed. This model predicts an exponential increase in flame speed with dis-
tance propagated over obstacles which is in good agreement with the experi-

mental results.

Ce 2. Experdmental Details

. The investigalion of flame propagation over obstacles was performed
ina 2.5m x 2.5n chamber consisting of two wooden parallel plates weparated

by spacers at the corners. The plate separation could be adjusted by changing
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| uthc spacers, The chamber was scaled at the peviphery by plastic bands while
hd
it was filled with the appropriate gas mixture. A spring mechanism was used
to remove Lhese plastic bands prior to ignition <o that the flame could ox-
pand freely in the radial direction. The gas mixture of stoichiometric me-
thane-air was prepared by contianuous flow, and the chamber was purged at least

10 times in order to ensure a good mixture in the chamber, Ignition was

achijeved by a fast burning wire at the center of the chamber, and the subse-

quent radial propagation of the flame was recorded by a rvotating drum streak

camera. A schematic diagram of the experimental sct-up is shown in Figure 1,

The obstacle configurations were identical to those used in the
laboratory experiments reported in Reference 7, wilh obstacles consisting of

spirals of copper or plastic tubing, The spiral obstacles were placed on

the top or bottom plate so that a radially expanding flame would encounter a
series of obstacles, corresponding to the windings of the spirals, which ex-
tended all the way to the periphery of the chamber., A cross-sectional slice
through the center of the chamber illustrating the obstacle configurations is ?
shown in Figure 2. The obstacle height H, the pitch + and the plate separa-
tion D are also defined in this figure. Ffor these particular experiments

two types of obstacle spirals were used; 1) a spival af 1.2% cm diameter cop-
per tubing with a pitch of 3.75 cm, and 1i) a <pival of 4 cm plastic tubing
with a pitch of 10 cm.  The plate separation wan varied between 3.5 cmoand j

20 cm,

To investigate nomore detail the mechaniam of lame propagation
over obstacles we have also taken schlieren photographs of a methane-air
flame propagating over obstacles in a rectangular channel of length 30 cm.
This channel was constructed by placing wooden bars in the 30,5 cm radius

chamber described in Reference 7, and the schlieren photographs were taken

through windows in the two plates of the chamber, A schemalic diagram of
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‘the channel with obstacles is shown in Nigure 3, where Lhe relevant parametlers;
pitch (P), obstacle diamcter (In and channel width (W) are also defined,  The
height of the channel was 2.54 cm.  For some of the experiments in the channel
one or more of the obstacles were filled with dry ice. Three small holes in
these obstacles allowed CO2 to escape.  The escaping CO2 provides an excellent

schlieren tracer for the flow fiecld ahcad of the flame.

3. General Considerations

As discussed in Reference 7, the dramatic influence of repeated ob-
stacles on the flame propagation can be understood in terms of the positive
feedback coupling between the flame itself and the [low ahead of the flame,
When obstacles are placed in the flame path, the upstream flow field will be
that characteristic of the obstacle configuration, for reopeated obstacles
placed on the bottom and/or top plates of the chamber, the main features of
the flow ahead of the flame are a standing eddy in the wake region behind the
obstacles which is separated from the outer flow reqion by a shear layer. The
flow pattern ahead of the flame and the entrainment into the standing eddy
for low flame velocities is illustrated by the spark-+ochlieren phatograph
shown in Figure 4a. In this casc the sccond and the fourth chstacles have
been filled with dry ice and the resulting C02 tracer clvarly shows a stand-
ing eddy recgion between the second and third obstacle, Ao the flame encounters
this flow field it will become "folded" due to the qradient in the flow field,
leading to a flame consisting of a curved leading flame front in the guter
flow region with a trailing flame in the standing cddy between the obstacles,
This is fllustrated in the spark schlieren photoqraph shown in Figure Ab, This
photograph also shows the entrainment of the flame zone into the eddy, For
larger flame speeds and thus larger flow velocitics ahead of the flame, the

shear Jayers and the wakes of the obstacles will become turbulent and as tihe
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‘velacity increases the turbulent flow vegion will encompass more and more of
the flow field. This is illustrated in Cigure S where dry ice in the fourth
obstacle provides thé 002 tracer.  The turbulent wreinkling and entrainment of
the flame zone into the wake region can also be scen in this fiqure. The
smaller scale Lurbulent wrinkling of the flame ia Curther illustrated by the
spark-schlicren photograph shown in Fiqgure 5b, These spark-schlieren photo-
graphs confirm the picture of flame propagation over obstacles proposed in
Beferonce 7. A schematic diagram illustrating this physical picture 15 shown

—-;n Figure 6.

As discussed in Referene 7, the turbulent burning velocity ST based

on the average heat release rate per unit projected or frontal .me area is

2
Sy = ZM_DSSM‘ (1)

where the integral is over the arca of the "flame fold” shown in Figure 6,5

given by:

is the local burning velocity at the "flame fold” surtace, D is the plate
separation and v is the radial position of the tlame front, Assuming zervo
flow velocity in the unburned gases behind the flame, Lhe displacement velocity
of the unburncd gases just ahcad of the flame averaqed over the plate separa-

tion is given by:

w2 (Lays |
b

"~
—

where 0y and iy, are the average densities of the unburned qas ahead of the
flame and the burned gas behind the flame zone, respectively, Thus, assuming
that the advance of the flame is uniform across the plate ceparation and that

transient effects can be neglected, the corresponding {lame speed is given hy

Re = -Ms . (3)
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) K For Yow {lame speeds in the anitial stages of Lhe flame acceleration,
the flame acceleration mechanism is clearly "flame folding” due to the gradient
in the mean flow ficld produced by the obstacles.  The turbulent burning velogity

S+ is enhanced by an increase in rvelative flame surface arvea (i.e., relative

T
to the projected flame arca 2nrD) as the flame is stretched in the mean {low
gradient field., As the burning velocity increases the flow velocity ahead also
increases leading to wore intense "flame folding”, thus Lo a larger burning
velocity and so on. Superimposed on the large scale "flame fold” is the smaller
scale turbulent flow field which Teads to flame wrinkling and increased rate

of turbulent transport of heat and mass across the “flame fold” surface. The
resulting increase in burning velocity at the "flame fold" surface or inwrease
in "flame fold" burning rate leads to a further increase in turbulent burning
velocity. ODuring these initial stages the flame acceleration will be determined
mainly by the rate of "flame folding". However, as the fiame accelerates, the
smaller scale turbulent flow field in the wakes and shear layer regions will
begin to play a more important role in the aceelevation process.  As observed

in Figure 5, the burning in the wake regions will heconr less well defined due
to smaller scale and larger intensity turbulent entvainment and mixang, and

the wmain flame front will become wrinkled as the turbulence in the wake regions

spreads into the main {low region,

Transition to turbulence in the wake of a cylinder occurs at Reynolds
numbers above 200 and the locatior of the transition point moves towards the

. . 8,9
cylinder as the Reynolds number increases.

fven for very low flow veloci-
ties ~10 m/sce with 1.25 o obstacles the Reynolds numbor 14 mare than 8061)

sa that the wake of the abstacles will always be turbulent.,  The aceeleration
of the flame thus depends on both the rate of growth of the "flame fotd” 1ela-
tive to the projected area 20D and on the increase in the "flame fnld"‘hurninq

rate.  In the initial stages of the flame accelievalion, where the mearn { low

velocity is low, the dominant mechanism is the rate of growth of the “flave

—y—
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Ve Sold". Bul as the flame speed increases, the folded areca for a given obstagle
coanfiquraltion will approach some asymptotic maximmn since the {lame cannot be
stretched oul indefinitely.  Beyond this, the flame acceleration will depend
more on the small scale turbulence intensity which governs Lhe burning rate
of the "flame folds" Thesmall scale turbulence derives its enorgy from the shear
flow gradient of the mean flow field, thus the flame speed will be qoverned
by the rate in which the fine scale turbulence can derive its enerqy from the
mean shear flow, For the initial stages of the flame acceleration where the
development of the "flame fold" dominates, a computer simulation of the tran-

- . sient inviscid flow structure should be adequate toar determining the {lame ac-

celeration due to "flame fold" area increase. o the later stages of the flame

acceleration, when the folded structure approaches some steady value and small
scale turbulence dominates subsequent flame accelevation, it should be possihle
to model the acceleralion analytically by postulaling o dependence of the burn-

ing velocity on small scale turbulence. 1In this paper we shall propose a

simple feedback mechanism for the latter stages ot the flame acceleration

based on the assumption that the increase in the vate ot burning of the "flame

fold" controls the acceleration process. The details of the initial flane

acceleration leading to he establishment of (he “flame fold™ will not be

considered,

4. Results and Discussion

According to 10wnsend]” the turbulence intensity u'/uo ina plane
wake is of the order of 0,4, where u' is the vool mean square turtulent velo-
;ity and u, is the mean velocity variation across the wale,  1f we tabe by
oné half the maximum flow velocity ahead of the flame. we obtain a turbulent
velogity u' ~ 0.2 hf in the wake of the obstacte ahead of the flame.,  Jownaond's

conclusions are based on fully developed turbulent flow in the far wake reqion

s meee m Seeimemeer o e
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(of an ohstacle in an infinite stream, bul the estimote ot o' 0.¢ Hm‘x

t
(0.2 Rf) in the near wake regions of bluff obstacles in a boundary layer ig

. [ : te

supported by measurements by Chang, Counihan, Hunt and Jackaon, and by
recent measurcments in our laboratory. Townsend also quotes a value of
Uy ™ 0.21/\10 (t.e., 0.1 Ri) for the entrainment velocity, i.¢., rale at
which non-turbutent fluid flows through the bounding surtace of the wake and
becomes turbulent. Thus as the speed of the flame increases, hoilo the rom.s,

turbulent velocity and the rate ot which the unbrned gas ahead of the {lame

is made turbulent increases,

To model the feedback mechanism based on increase in “flame {old"
burning rate due to this incrcase in turbulence with flame speed, let us focus
on the region around the nth abstacle and denote the average speeds of the

flame front through the reqions just before and just after this obstacle hy

hf(n-]) and Rf(n). respectively.  These flame speeds will bhe determined by

the respective turbulent burning velocties, which avcarding ta our previous
discussion depend on bholh the relative size of the "Cilare 1old" and on the
"flame fold" burning rate. 1 the relative sise ol the "thame fola™ (i.o,,
relative to the progected arca ZarD)  rvemaing the same s the increase in 1jame
speed is due solely Lo an increase in "flame told” hurning rate, 1,0, inurease

in effective burning velocity at the "tlame told’ suriace.  Making Lhe assumpe-

tion that this burning rate is proportional to (v} (tor the correlation
propased by Abdel-Gayed and Bradley]3 for high intensity isotrapic turbulence, i

for example, ¢ = 0,238) we find that !

Rf(n) = hf(n-l)(lw-u'u{ll (4)

where du'/u' is the relative increase in turbulence due to the presence ot the

obstacle, and we have asasumed thot su'/u' << 1. %

The increase in turbulence in the developing wabe region will not
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o ‘be uniform Lhroughout the region betw en the obstacies, but will develop from
an initial transition poinl which depends on the Reynolds number ol the {low
and the initial Lurhulenceﬂ'g and spread as more of the ouler stream fluid i
engulfed into the wake. For the flame specds we are concerned with, the ini-
tial turbulence and Reynolds numbers are sulficiently large so that transaition
can be considerad to occur right at the obstacle itself, tHence, Su'/u' which
represents the relative increase in turbulence averaged over the entirve region
between the obstagles will depend on the separation of the obstacles and on
the blockage watio H/D. If we assume a Tinear growth of the region with iﬁ-

creased turbulence in the neav wake and a power dependence on /D we obtain a

relation of the form

~
(%)
-~

Re(n) = Re(n-1) 00 e\ (

between the average flame speeds before and after the nlh abataclo, where o

is a constant and L is a lenglh which characterces the qrowth of the turhaient i
region. The assumption of linear growth of the turbulent vegion in the near

wake region is rather arbitrary, but as we shall see thin assumption dors give

the correct scaling from obstacle configurations wiln p = 3.7% am to abstacle
confiqurations with p = 10 cu,  Although Lquatien (%) haw been obtained by

focussing on the rngi0n§ just before and just after the nthoobstacle, the re-

sult does not depend on the relative size of the "tlase told™.  As long as the !
re\ativé.sizo af the "flame fold"™ remains the sane and the relative increase
in turbulence depends on the obstacle confiquration only, exactly the same

arquients apply for any size "flamn fold”.

Sinee the above wechanism doos not o lude the canteibhution ta {Tame
acceleration due to increase in the relative sice of the "flane fold” it can- i

not describe the initial acceleration. However, v we assume that the inceease

“Clame fold™ hurning rate dominates the flame acoeleration process after the
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. fltame has propagated over Ny obstaclec, then for no N, M an une tquataon b

to obtain the following rolation

PR —

Rr(n) 2 ﬂ{(no)(l ' A

for the flame velocity after the nth ghstacle, wheve v have defined Py = L/R.

E ' For small p the above relation becomes R
L) = G exnt 0 (e, )
\ f f' o 1 i
i [
i In other words, it is proedicted that the (1o velocity ancreases exponentially
é .with r for r» vy As can be seen in Digure 7, this prediction is supported
: by the experimental vesults. [f "o is chosen at 60 cmowilh a = 0.31 and
E Py © 37.5 cm, Equation 7 provides a good correlation of the experimental results
¢ from all the experiments with obstacle confiqu-alions which include the 1,25 um
é copper tube spiral.  In fact, for thoso exporiments with copper tube spiral
; obstacies only, the correlation is good down Lo abtoat 30 ¢v of flaae traved,
r,
E The prediction for the larger 4 cn obstacies vath the came parascters o and Dy
: using Lquation 6 rather Lhan bgquation 7 since the expanential approximation
E is not valid in this case, is shown in Figure 8. Aqoin, agrecment with the
i experimental vesullts is quite qood far r 3 60 G (voecon 7 b, bul sianuai-
E cant deviations are cleavly obsovved for v - 0) o) ;
: The transition from flame acceleration doninated by the vate of
]
; flame fold growlh Lo accelervation dominated by the ancrease in "flaee fold?
:\ burning rate is clearly not a sharp one There will be g transiticn reqgien
é where both mechaniams are equally ifwportant, and in tnrs vegion the lame i
j acceleration is expected to be greatest.  That the inatval accelevation ot 1
g ‘ the flame is greater than that predicted by Lquations 6 and 7 14 Ciearly i
| evident in bolth Fiqures 7 and 8. Hote that for r Al the curven shoold :
converqge to an initial flame velocity of 3.3 m/«. Once Lhe tnerecase in "flame |
'
] ‘ e e Y R s -
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. Prold” burning vate Legins Lo dominate the acaricration procesy o nimple aodel
of the (cedback mochanism based on a positive teedback coupling between the
turbulence produced by the obstacles and the Tare apeed predicts an eaponen-
tial increase in flame speed which agrees woll with the experitnental resaults,
In fact, [qunlion A which velates the change in tlame sieed Lo the change in
turbulence can be applied wore yenerally., 1L would predict, for examploe,

rﬂp M e e B e e e SR
%
f
'
3
l
i
A
;

that Lhe flame will slow down if Lthore were no obatacltes beyond a cortain dist-

: ance; the change in turbulence intensity &u' would then eventually become ne-

E ‘ gative and the flame would decelerate.  Purtherwore, the parameters N and

% ' ‘\ in particular Py would be expected Lo depoend on geometry (i.e., planar, cy-

i

% Tindrical ov spherical) and Lo be constant only in o certain range of p/it.

{

i‘ “ The predicted exponential increase o tlanme apeed cannot cuntinae :
;‘ indefinitely. As Lthe flame speed increases the strength of Lhe shock waves i

produced will increase and shock wave hecating cosbined vaith turbulent miring

may lead Lo auto-ignition near the leading shaoot wove . nowhich case a coupled

b

e

shock wave reaction 2one complex way continue €Y prasagrte at a cetant velo-

:
g city characteristic of the obstacle confiquration,  “uch coupled corplexe,
E with velocitios depending on the absntaclo counf v atian Lal socn sealior than . i
L
i the C-Jd delonation veiocity have been observed o ooan, swlnura_\‘]J"H AT i
E ther possibility is that the rate of cherical resction beooses Lhe bimiting
- factor. As tho flame speed increases the intensity ot the turbyglecee an tae
regions belween obstacies increases, leading to the ¢haevved oxpanential (lame
4 acceleration, However, theve is o maximum macs rate at which o given voluoe :
3 !
of a combustible gyas abt a given pressure can beaa, this corresponds Lo the é
; well stirred reactor.  fhus at a certain turbulence dntvensity chemistry teqins b
§ to play a roie. If the rate of turbulenl mixin: exceeds the rate at which }
the mixture can burn the {lame may be Lempocarily hlown anl or Yorally quendhed,
Such quenching has heen observed by Wagner and anluhur\{nrﬁ.]ﬂ for example,




W""w i el il o Tr—— - N - TS TR e e o
-dean- — — -

: - 34 -
. o Gue experimental results whoeh inclu b flame speeds Tavger than a0 w/qce for
stoichiometric methane=-aiy mixtures show no andication that the flame speed
is approaching a maximum value,  Thus we would expect the tlame to continue

to accelerale to even lavger flame speeds if the obstacle coniigquration was

continued, -

The maximum {lame speed obscerved with no obstacles in the chamber

! was 9 m/sec, and no acceleralion was observed in the Yast 20 wn ol propaga-

N

tion. This is almost twice the value observed in the 30,.5% ¢moradius chamber

. 7 . -
, in the lahoratory. The differeace can bo atteibuted to additional wartace

‘s
g
;
:

roughness of the wooden plates and slight variation in plate separation due
to saquing of the top plate,  The plate separation vavied by as wuch as 1 oom

over the arca of the chamber,  This variaticn of plate separalion also acgounts

for Lthe fact that the flamn speeds at 30 cmovere toprcally lavger than
|

those cbscrved in the smaller laboratory chaibea fur the same abstadle con-
figuration, Tor H/0 = 0,34 with 1.25% cm copper tubang chatacles, for oxample,
the speed at 30 an 15 45 5 S s Lo he compared with aboadb 29w/ abeioreed an
the laboratory exgeriments with the same obstacles at this H/00 The variation I

in odue to sagaging leads Lo an uncerlaynly o /0 o 0,046, and if this un-

cerlainly is taken into account the two result. are in agreecasat,

The strongth of the shock waves produced by tieae Tast tarhulent
]
flames weore not measured in a systematic manner, bul Loo pressure transducers ]

at the poriphery of the chamber were ased to record the shegd wave overpres-

sures in some of the experiments.  For the fastest tlare with o caximum 1 iase

speed aof 415 m/sec a shock wave overpressure of 9,61 bar was obtayned, Accords

. . . b .
ing Lo the steady-stale analysis of Guirao ol i, thin wenld correspand to

a constant burning velocity of about 35 m/s to be compared with a v

turbulent burning velocity of 55 m/s oblained ysing Tguation Jpwilit a density

ratio of 7.%. Similarlty, for the flame with raairos velooaty 3909% odq e

B e LN e ¥ SARPRSERRANEL L ¥~ . ) ]




. 5y -
E . measured shock ovorprossore was 0027 Loy which aceordaing Lo Guiran ot al,
a v '
; corresponds Lo a constanh burning voelocity of aboul R /s Lo be congared
Ei with a maximum turbulent burning velocily ot Al w/s obtaned fron fquation 3,
; In view of the dramalic aceelevation of the flames obnerved in Loth of these
cases Lhe disagroement with steady state caleulations based on vovonant curne
: - . . . v . Y
; ing velocity s not surprising,  Strehlow el ol have vecently shown that
-
calculations using constant velocity tlames based en the maximu el foctive )
-
burning velocity of acceleraling lames can lead Lo an overestimate of the
) Y i
; maximum overpressure.  lurthormore, Lquation 3 which we have used Lo caloeulate
k . , ' . :
s the turbulent bhuvning velocity may have to be soditicd tor violeotly accelerat-
, ' . o
: ing flames.  The agrecmenl with steady state analysis i euch better for the
{
{ : slower flawes,  For the flame with maximum specd ot 19 w/s, for example,
| the measurod shock overpressure is 0,002 bar corrvesponding Lo a steady state
:
i burning velecity of about 17 m/s to be compared with 20 m/s obtained trom
:
; Lquation 3.
|
.
| 5. Conclusion
k‘: . - . 1 3 - N
) The infieonce of repeated ovstacles on treely capanding stovehrometric
i‘
‘ methanveaiv tlames in cylindeical groretry has deen ecestigated fnoa chasber
where the (Gase propagation could be abserved cvor g shitance of 00 am Thiy
' investigation confirms the dramalic intluence ol oledbacieos on the speed of
the flame veportled previously and shows that with repeated obstacies the flame
i speed continues Lo oincrease up Lo speeds o excess of At m/faec, The shogl
" |
: waves gencerated by these fast turbulent §lames Lave over peossures up Lo oL ud ;
bar, which could Tead to extensive blast wave damaqge,
)
t . . . . i
| The wmechanism responsible for the rapid accelboration ot the flame
i in an obstacle environment can be undorstood v Levew ot Lhe pasitive feod- ]
!
| backh coupling between Lhe {lame and the upnteean tlow procuced by tne specific !
‘.
i
{
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svolume inerease aoress the flames The physical pictne of thin positive
. . . /. :
foednack nechanism proposed in a previows paper i conliveed by spark-
schlieren pholographs of Lhe 1 lame propagation over obstacles in oo roctan-

gular channel.

The acceleration of Lhe {lane depeonds on both Lhe rate ot growth
of the "flame fold" relalive Lo projected lare arvea and on the increase
in the "“flame fold” burning rate,  In the inittial stages of the flame ag-
celeration the dominant mechanism is Lhe rate ol growth of the “iTlame told",
but as the {lame speed inereases  Lhe rate of increase an the "o fold”
burning rale beging to dominato the (lame accolerabion process, A simpie
feedback mechanism s propased for the latler stages ot Lthe flace acceleration,
basad on the assumption Lhat the increase in tie vate of barning of the "t lame
fold" due to the Lurbulance produced by the obstacles canlrols the accelrra-
tion process.  This model assunes that a "flace Tabd” (wnich does nat cone
Linue to grow) has alveady beon established, and that the rate ot burning of
this "flawe fold" 15 deternined by the turbuierce freld which the tlame pro-
pagates into.,  The details ot the Lurbulent <o toation e Lhe nature of the
combustion zone are nol coasidered,  Tue model rodicts an exponential in-
crease in flame speed with distance propagated oo obstaclos, wnich 18
good agreement with Lhe oxperimental resulls, Abteaggh this oxponential in-
crease cannot continue tntefinitely, no evidoaoe thay tie flame spoed 18 ap-

proaching a Himiting value was tound in the piewenl oxperiments,

The details o the initial acceleratvon of the flame whiich invol.es
both "flame tolding” and increase 0 "flame foud cormng rate dun to turbu-
lence or the gritical aize of Lhe "flare fold ' for Whicie the vate ot qroath
of the "flare fold” <an be neglected cannot b cietermyned fram the nresent

analysis. A more detailed sodel of tho fiow (reld prodbaoed hy the acenterat-

ing flame propagation over obslactes and of the Tig o Dalglence interaction
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. vis requirved to describe the initial flame acceleration and to estimate the
size of the flame fold. TInvestigetions with Lhe aim of developing such a

model are now in progross
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‘ . sLigure Caplions
: Figure |1 Schematic diagram of expevimental set-up for {lame
:
t propagation experiments.
i
! . .
Figure 2 Schematic cross-sectional view of experimental chamboer
showing the obstacle confiquration,
L
;
; Figure 3 Schematic diagram of the flame propagation channel
¢ with abstacles.
¢ Figure 4 Spark-schlicren photoqraph. of <tarchiometirye methane-
air flame propagation in a4 channel with abstacles,
£
' Obstacie height 1= V.27 woy obatacle separation
P o= 3.8 am.
;
a) Chappel width W = 5,33 cm. Dry dce in the second ﬁ
4
and tourth obtacles,
4 LY Channel width W= 5,00 Ga. o By (e used.
4 7
E 3
1 Figure 5 Spark-schlicren photographs ot <toichienoteric methane-
gj" air Fhame propagation in o channet of width 2,54 ]
with obstacles, Obstaclte feaght H o= 1,27 o obstacle
3 separation Pz 3,81 am, j
: i
a) Dey dce in the next Lo last ohatacie,
. A
b) No dry ice usad. i
E
Figure 6 Schematic diagram i1Tustraling flase propagation over
i
] obataclos,
: Figure /7 Flame velocity Ry vs. distance ol jwopagation rofor
: stoichiometric methane-atr tlares,  The solid curves
corrvespond to Equation /7 with « = 9,31 and by s 375 ¢m,
i
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[ A a) Copper tube piraly 102 126 ¢y p = 3,75 amoon
boltom plate, plastic tube spivaly B = 4 cmp = 10 ¢m

on top platey H/D = 0457,

h) Copper tube spiral on boltom plate; H/D = 0,34,
¢) Copper tube spiral opn boltom platey H/D = 0,25,
d) Copper tube spiral on boltom platey H/D = 0.129.

The experimental point al 30 om is from the laboratory

results of Reference 7.

Figure 8 Flame volocity R. vs distance of propagation r for

G b f
stoichiomelric methane-air (lames,  The solid curvns
correspond to Lquation 6 with . = 0,31 and Py 2 37,5 ¢m,

Dashed curves are drawn Unough data points for x < 60 ¢m,

a) Plastic tube spiralsy = 4 cmy p =z 10 cm, on both
top ond bottom platesy Hy b = 0067,

) Plastic tube spiral on bhottom piates H/D = 0,57,

¢) Plastic tube spirais:y ) top plate only; ) tap
and Lottom platey WH = 0.4,

d) Plasiic tube spival on botton plate; 110 2 0,33,
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APPENDIX 111

The Influence of Confinement on the Propagation of
Detonations near the Detonability Limits*
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* Paper submitted to the Lighteenth Symposium (International) on Combustion
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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 becn‘established. Manson et a1.1) have suqqested that the fluc-
tuations of the local detonation velocity Uz relative to average velocity Um
be used as c¢riteria for the stability of the detonation in a tube. They sug-
gest that self-sustained detonations for which Uz and Um agree within about
+0.2% can be considered as stable. However, this is an arbitrary definition,
The appearance of near limit phenomena such as spin has also been suggested
as a criteria for the Timit in a given tube,2 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 nitiation on the near
1imit propagation of detonation waves in tubes tetoce a weaningful cperational

definition of the limit can be deduced. This paper reports on the first
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results of our investigation on near 1imit 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 inadeduate 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 detdnation 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-
tors.3’4’5 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 rectanyular or round deto-
nation tubes. In these cases, in particular for conditions marginal to the
propagation of the detonation wave (i.a., 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 ‘tayers and a stabilizing effect on the transverse wave structure.
For small diameter tubes the observed decrease in veiocity with decreasing

6,7

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

1ayers.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




A g

TR TR T S AT ey

Gra

C e O A A 4BV b oo e e

- 52 -

. . . 5
expansion or an unconfined region, 1,1

For a given mixture there appears
to be a minimum critical tube diameter required in order for the detopation

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.]z’]3

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 observed in
tubes and the detonability limits has been discussed by Dove and h’agner,2
who <uggested 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 Timit 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 Manson]4
and Fay.]5 The success of theacoustic theory 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 tubeg. 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 thé gasdynamics and the chemical kinetics which gives rise tc 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,

~

. A
as discussed by Dove and Wagner.,
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-The mechanism by which the transverse waves are excited and main-
tained is not completely understood. However, the work by Barthel and

16 18

Strehlow, and others has clearly shown that acoustic

Erpenbeck,]7 Toong
and non-linear perturbations can be ampliified 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
of wavelengths. According to Toong]8 the acoustic kinetic interactions depend
on the prder and the enthalpy of the reaction, the activation energy and most
important of all the ratio of the characteristic acoustic time to the chemical
time. This is further supported by the work of Erpenbeck17 who established
the stability limits of detonations for various degrees of overdrive assuming
a first order Arrhenius rate expression. Although the range of wavelengths
‘over 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. Ffrom
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 cond}tions 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 conditions

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

20 and Edwafds and MorganZ]

observed by Mooridan and Gordon,19 Manson et al,
may be an examplc 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
Urticwy and Oppenheim,22 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 jn'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 ncar the lean limit in

two Tong tubes (14 m) of diameter 5 and 15 cm. The transverse wave structure
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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 i
the 14.5 cm tube. To ensure proper gas 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, follcowed

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 c¢ 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- k
ducer situated at 10.82 m was u.ed as a trigger. The next transducer was

connected to a Biomation digital recorder so that clear pressure traces could
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be obtained. A1l 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 1b.

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%

5 - 80% Oz,and slug lengths between three meters and half meter. A slug

Yate
of half a meter was found to be the minimum length in which direct initiation
of a 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 the ignitor 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.@1).of the tube.

4, Results and Discussion

The detonation velocities for different compcsitions 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

4
14.5 cm diameter tube the observed velocities begin to consistently deviate

of compositions from 6% to 3% ethylene in C2H ~air. However, in the larger

significantly from the theoretical value below 5% C2H4 in CoHy-air. At
3.5%, for example, the observed average velocity is approximately 137 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 ccetylene-oxygen charge (super-
critical initiation) and whose observed velocity is constant over the last
half of the tubes within experimental errors (¥ 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 c¢m 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,]9 Manson et a],zo
and Edwards and Morgan.Z] The wave appears to propagate in a cyclic manner
exhibiting large velocity fluctuations with ve]ocit{es ranging from 2100 m/s
down to about 900 m/s. This phenomena of cyclic propagation is observed for
subcritical init%ation for 3.5% C2H4 and below. Unfortunately, with our pre-
sent ignitor system, subcritical initiation above 3.5% C2H4 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
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detonation wave, the observed transition near the end of the tube is the

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

w TITATTI A

' 4.5% C2H4 the original spinning detonation is not re-established by the end
j of the tube. Thus, although apparently stable detonations are observed in
¢ f the 4.8 cm diameter tube all the way down to 3% C,H, in CoH,-air, the de-

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

S 5 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

E mixture but in ths two different diameter tubes have significantly different
i structure, < + ;. the propagation velocity abpears to be constant in
5o ' . 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 4
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- {

AT

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

/ . frequencies of these variations (~100 Kc/s) are an order of magnitude larger
than the chéracteristic lowest mode spin frequency (~10 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.

et b i i

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

Fig. 4 shows typical examples of pressure records ubserved for 3.3% C2H4.

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

fers markedly frem that observed in the large tube (Fig. 4b). 2oth pressure
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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

PR P I ¢ T VR Yy

characteristic time of the pressure oscillations behind the front ¢t = 0.1 ms
corresponding to spin pitch P = §tU (where U is the wave velocity) of about
15 cm and a spih pitch to tube diameter ratio P/D = 3.1. Similarly, in the
large tube the characteristic time §t = 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 puises to be due to an acoustic spinning wave. For a purely
transverse acoustic wave we have]5 P/D = — (g), where ¢ is local speed of

Kn

sound and__lgn 1s the root of the first derivative of the Bessel function of
order n (k; = 1.841 and ky, = 3.054). 'The theoretical value at 3.3% C2H4 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 ¢). From these observations it is clear that for
this composition the spin pitch or spin frequency is determined by the cha-
racte}istic 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 determine the transverse modes which dominate the propagation of the
detonapion. 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% C2H4 some of the single head spin detonations that ap-
peared to be stabic over the first halv of the tubes (i.e., for about 7 W)

were observed to decay completely by the end of the wube. Thus as the

e e el i ki
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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
' stated by Dove and Hagner,2 the chemical reaction time gets too long to

maintain'the spin mode, the detonation becomes unstable. Below 3% 02H4 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

5 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 r
] reaction zone behind a leading shock front. Pressure records of the dif- |

ferent phases of the propagation for 3.3% C2H4 in the 4.8 cm diameter tube

are shown in Fig. 5. Fig. 5a shows a fairly weak shock wave (aAp = 6 atm)

followed by a reaction zone with intense pressure oscillations in excess of i

i 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
1s 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 ihen 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 (= 7 atm)

followed by intense pressure variations at a time interval of 0.25 ms behind

e a————— e — -
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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
Erpenbecl-(‘s]7 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 the 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-

verse wave in the overdriven state based on Erpenbeck's]7 analysis. The
pressure trace shown in Fig. 6b is taken at a position between the bottom
two traces of Fig. 6a. This trace shuws that the wave actually consists of
a relatively strong shock front (Ap = 11.2 atm) followed by a high pressure

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

shock wave and a mode of unsteady propagation, consisting of transverse wave

s e st ;i

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

a1,20 but their role in the unsteady propagation was not recognized. The

it e ML St bbbt

exnlosion which occurs as the transverce 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 the 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. 7a 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-un of transverse waves occurs for composition

above 3.5% C2H4. A typical record shows the transition about 7 m down-

stream of the spiral regicn for 4% C2H4 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% C2H4 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 lcuding 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 gaédynamic~chemica1 transverse wavelength is less than or of the order
of the transverse dimensions of the tube,completely different modes of pro-
pagation are cbserved depending on the coupling between the gasdynamics,

chemical energy release and the walls of the tube. Due to the strong
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influence of the confinemeqt. 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 the tube than on the chemical kinetics
of the mixture. For different size or geometiry tubes these near 1i&it
phenomena wou]dvtherefore 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 detonabiljty limits be characterized by the

composition at which clear single-head spin first appears in the tube.

At this composition the 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 ' i
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 wavelen¢th in an unconfined situation for

this mixture composition.

If we use the above criterion, we find that the Tean detonability
limit for ethylene-air mixtures lies between 4.% and 4.2% C2H4 in the 4.8 cm

diameter tube and between 4 and 3.5% C2H4 in the 14.5 cm diameter tube. The cha-

racteristic transverse wavelength of the mixture has therefore increased bya factor of

C2H4.

cords showing the appearance of single head spin between these compositions

about 3 for acompositional change of about 0.7% Typical pressure re-

are shown in Fig. 8. Fig. 8a and b are pressure records of detonations in
the 4.8 cm diamefer tube at 4.5% and 4.2% C2H4. respectively (note the dif-
ference in verfica] scale). At 4.5% the characteristic time of the pressure
oscillations is of the order of 50 usec (with still higher frequencies ob-
A time of 50 usec gives a spin pitch of about 8.35

served near the front).

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 us
(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%
C2H4 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 Towest spin mode whose characteristic time is about 0.28 ms, 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. Ciearly
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 particularly dramatic for marginal detonation waves with characteristic

Y
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transverse wavelengths of the order of or less than the tube diameter. In

T ST R DT T

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-

S et

tions. The structure of detonation therefore depends critically on the tube
diameter and is maintained by the interaction of a combustion zone instabi-

Tity which couples to the characteristic modes of the tube. Thus for dif-

W N R AP D E . T

ferent diameter tubes, different characteristic transverse wavelengths are

observed for the same mixture composition. Since these spinning modes,

T S e v

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.;

:
E.
g
&

This then provides a length scale associated with the detonability limit
which can be extrapolated to different situations. Based on this criteria
3 we obtain a detonability limit betweeﬁ 4.5-4.2% ethylene in C2H4—air in a
4.8 cm tube and a Timit 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.

The role of transverse spinning waves in maintaining a detonation-
like phenomnena in a round tube have been further clarified by varying the
initiaticn energy and by inserting Shchelkin spirals at various positions
along the 4.8 cm diameter tube. 1t is found that waves which exhibit appa-
rently stable single head for the length of the tube for super-critical ini-
tiation propaggte in an unsteady cyclic fashion analogous to galloping de-

tonations for sub-critical initiation. The propagation of these unsteady

ey

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 detonatjon-like phenomena in confined tubes suggests a new ap-
proach for further gxperimental and theoretical investigations. These inves-

tigations are now in progress.
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Figqure Captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5
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Schematic diagram of the experimental apparatus.
a) 4.8 cm diameter tube,

b) 14.5 cm diameter tube.

Comparison of average detonation velocities measurend at
the end transducers in the two detonation tubes with
theoretical Chapman-Jouguet detonation velocities for

different fuel compositions.

Typical pressure records of multi-head detonations in

ethylene-air mixtures.

a) 5% C2H4 in 4.8 cm diameter tube. Biomation record:
Time base: 20 usec/div.
Vertical scale: 6.8 atm/div.

b} 7.8% C2H4 in 14.5 cm diameter tube. Biomation record:

Time base: 20 usec/div.

Vertical scale: 6.8 atm/div.

Pressure records showing single-head spin detonations in

ethylene-air mixtures.
a) 3.3% C2H4 in 4.8 cm diameter tube. Biomation record:
| Time base: 100 us/div.'
. Vertical scale: 6.8 atm/div.
b) 3.3% 02H4 in 4.8 cm diameter tube. Biomation record:
Time base: 100 us/div.

Vertical scale: 6.8 atm/div.

Pressure records of near limit phenomena observed in the

4.8 cn diameter tube for sub-critical initiation of 3.3%

C2H4.
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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 C2H4 in the 4.8 cm diameter tube,

a) Top three traces are taken 0.5 m apart and the bottom
iwo 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 usec/div.

Vertical scale: 3.4 atm/div.

Fig. 7 a) Pressure records taken in the region of spiral obstacles
A of pitch 1.6 c¢m in the middle of the 4.8 cm diameter tube
showing the dissociation of the spinning wave by the
obstacles at 3.5% C2H4.
Time base: 0.5 ms/div.
Vertical scale: 11.3 atm/dgv.
“b) Pressure records showing the transition process 7m
downstream of spiral obstacles of pitch 1.6 cm for 4%
C2H4 in 4.8 cm diameter tube.

Time base: 0.2 ms/div.

Vertical scale: 11.3 atm/div.
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¢) Pressure records taken at the middle transducers for
sub-critical initiation of 3.3% C?_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.

aj) 4.5% C2H4 in 4.8 cm diameter tube. Riomation record:
Time base: 0.1 ms/div.
Vertical scale: 3.4 atm/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% C2H4 in 14.5 cm dismeter tube. Biomation record:

Time base: 0.1 ms/div.
Vertical scale: 2.7 atm/div.

d) 3.5% Coty in 14.5 cm diameter tube. Biomation record:
Time base: 0.1 ms/div.

Vertjcal 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 VIith International Symposium on Military
Applications of Blast Simulation, Cahors, France, June 1979.
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1.0 Introduction - 79 -

In a conventionel, non-nuclear weapon, a strong blast wave of high enerqy
density is generated by detonéting in the surrounding atmosphere a concentrated
charge of solid (or high) explosive (henceforth H.E.), Because of the relative
- small dimensions of the concentrated charge, the charge dimensions, its geometry
and the characteristic time for the cencrgy deposition can usué]]y Be ignored,

Therefore, blast waves generated by concentrated charges approach'3d0a1 point blast

behavior at relative close distances from the source. For these ideal explosions,
nearly all the chemical enerqy released 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 EO is thus known a priori for ideal exp]oéions and a characteris-

tic explosion length R, * (Eo/po)‘/3 can be derived to scale all ideal explosions.

T T e

The destructive potential of conventional weapons, i.e., the blast damages, can

g

then be easily estimated from a standard chart giving point blast overpressures

st

ap and static and dynamic impulses I, and Id, respectively, with the scaled dis-

L TR, wTTT

tance Rs/Ro vihere RS denotes tha saock radius1.

For certain mililary applications, blast waves acncrated by fuel-air ex-
plosives (henceforth FAL) with moderale encrgy densities and moderate initial
strongths may prove more effective. In an FAE weapon, the fuel is explosively dir
seminated in the atmosphere to form an explosive vapor cioud and then detonated
subsequently by one or more initiatin, ~harqes. Depending on the rate of fuel dis-
nersion and the ignition delay, the vapor cloud dimensions (i.e., the cloud radius

. Rc) may be quite large. As a resuit of the relative Targe dimension of the cloud,
E vapor c¢loua cxplosions generate non-ideal blast waves which scale according to the

cloud radius RC in the near field., In the far field where the distances are larae

corpaared with the characteristic dimensi o of tho cloud, FAL Blast waves should

decav according to the Bethe-landau-Vhitham asviptotic enlution as in Lhe case of |

ideal point blant waves, hence scale according to the pxplasion lenqtlh R“. There-

i
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foée, FAL weapons require two characteristic lengths for scaling in the near and

far fields, respectively. Vhereas the c¢loud radius Rc can readily be estimated,'
the explosicn length in FAE weapons can no longer be assessed a priovri 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 portioh 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 detaiis of the energy
release processes inside the cloud. In other words, the effective 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 betwecn the combustion products

and the surroundings. The biast 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 th: gasdynamnic 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 encrgies from fuel-air and oxygen explosives, the
Authors] have used the simpler Brinkley~Kirkwood theory (henceforth B-K)2 and match
the far field experimental overpressure decay with distance3. Good aqrecment was
achicved with blast energies representing approximately 20 and 25% of the heat re-
Teased by detonative combustion in stoichiomntric hydrocarbon-air and oxygen mix-
tures, respectively.  On the other hand, riC.hhurn4 using Opnenhein's numerical code
(viz., CLOUD codo)5 has estimated the blast enerqgy from MAPP-air detonation at ap-
proximately 37,27 of the combustion eonergv., The CLOUD code does not calculale the
work done by the expanding interface, but the blast encray can be estimated from

the tirst Yaw of thermodynamics and the dinterface position wvhen the overpressure

TR A L S G AT A T e . 0 .
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at ' the interface returns to zero., Since MAPP-air detonationvdata4

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 enerqgy

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,

Tishburn's blast energy cstimate of 33.6% of the combustion energy‘is almost equal

to his blast eneryy estimate from detonation and suggests that blast energy may be
independent of the combustion mode. For hydrocarbon-air volumetric explosion, the
Authors] have estimated the blast energy at approximately 42% of the combustion ‘ u;
enerdy by assuming an isentropic expansion of the explosion products since no ex- |
perimental data were available to fit a curve of overpressu%e decay with distance 1

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 encrgy estimate from volumetric

e e

explosion in hydrocarbon-oxygen mixtures of 22% of the combustion energy’ compares
well with their 25% estimate from detonation and tends to support Fishburn's con-

clusion regarding the independence 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 Timit by radiation or shock wave. The ini-

T e A it e et kb 2 Ao 4,

tial strength of the blast wave from volumetric exnlosion being appreximately half

the value from detonation results in a slower decay of the blast strength, hence,

e, Bl | | g

. . . c L4 : . .
Targer damaaes in the intermediate field . Therefore, FAD weapons in which the ex-

plosive vapor cloud is volumetricallv exoloded may be quite attractive for military

applicationg,
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. Reliable blast e¢nergy estimates from FAE should also resolve the import-
ant problem of far field equiyalency. Far field equivalency implies that ideal
blast waves from H.E. and non-dical blast waves from FAE are equivalent in the

far field. In other words, on the basis of the blast energyalone, 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

2.4, 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,

specific heat ratios of unburnt and burnt gases and combustion energyﬁ.

When the detonation 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 subscauent flow structure inside and outside
the cloud is no Tonger self-similar and can only be described by solving numeri-

cally the time-dependent, one-dimensional, spherically symmetric, adiabatic

-
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equations for compressible, non-viscous and non-heating conducting, perfect gases

subjected to appropriate boundary conditions, viz.,

oF + 2F s =0 )
ot or |
where

¢ [
F = {OM. ) ?-’-’- lOb(. '/‘P )

e wle +pe) j
— —_

;g/oa/r |

S = 2puUr |

.2/0“(@+//)//°)/r
2 .
e = /9/(&"1)]0 r & -
/5 = 163/527r—' (4) f
where o, p, T, u and y denote the density, pressure, temperature, particle velo- 5

city and specific heat ratio, respectively. The relevant boundary conditions at

the shock front are given by the Rankine-Hugonio! relations,
o, Olf = (L+0 /(% -1+27)
w(Rs,t)]Rs = (=70 5+1) | <

(841
~—

pi [ = 2 (1= (oo Y )
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vhare %/= MS‘V, HS denotes the shock Hach 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 he at rest, i.e.,

wle,4) =0 , £ zo (6)

2.i1.  Volumetric Explosion

Assume at time t = 0, a volumetric explosion occurs in a reactive cloud
of radius RC of prescribed compesition and initial conditions as in 2.i. The re-
sulting pressure and temperature increcases can easily be calculated by combining

the sceady-state, conservation of mass, momentum and encrqy eauations, viz.,
b/b = To /To = (0-0)( 1/C3,-1) + ?;g) (7)

vhere

g: /?LQ/%L@ (8)

Subscripts u and b characterize unburnt and hurnt gases, resnectively and  denotes
the combustion energy per unit mass of reactive mixture. In deriving Ea. (7) it
has been assumed that the molecular weights of unburnt and burnt gases are the

samne,

The subseauent propagation of the transmitted shock in the surrounding
atmosphere and the reflected expansion wave in the explosion products are ohbtained

hy solving numerically the unsteadv qasdvnamic eauations (Cas. 1-6).

3. Numerical Analysis

The CLAUD code which solves the unsteadv qasdvnamic eauations in
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Lagrangian coordinates is very adequate to calculate the interface trajectorv and
properties to estimate the tlast energy from vapor cloud exnlosions. tHowever, the
cuode which uses the von Nevmann-Richtmeyer artificial viscosity to avoid shock
discontinuities broadens the shock front and also creates numerical overshoots and

undershoots which nust be removed by the use of appropriate smoothina techniques.

The present numerical codes uses an Rulerian, finite-difference algori-

thm which combines Van Leer's first-order scheme7 with Boris et al's flux correct-

ed transport (FCT) techniquea']o to handle accurately steep aradients associated

with shock propagation and prevents large numerical overshoots or undershoots.

In Van Leer's first-order scheme, the centered difference scheme of Ko,

(1) is stabilized by a diffusion term, viz.,

F(e+ad) =F (&) + O 95?4(%*/-\%)

1
+ é-: 1<m,;£[‘é) [F/}\—H(‘{:) - F'Y\ ({/)J (9)

~Lka Lt [En () - f:,n_,(é)J

where the diffusion coefficients k are defined as
= 1 Y 4 ko 4J

ands
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where < and u, are the local sound speed and particle velocity at the grid point

n, respectively. To prevent overshoots near sharp aradients the time step At is

restricted by the Courant-Friedrich-Lewy stability criterion

At = cY‘AY‘m/('C"m’fWW‘) (12)

where the Courant number ¢ is less than unity.

The FCT technique consists of three 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 arid point n at time
t + at in four steps. In the first step where transport and diffusion opera- ]
tions are performed, an approximate value for Fn at time t + At is calculated hy
a finite-difference approximation to Eq. (1) at time t + at/2 and an additional

diffusion term, viz.,

Ferat) = E4) +A% %@«(t + Atf2)
*Dm*%. [ Forsi (€)= Fr ¢ (13)

Lyt [Fnt) = Fpei (21

The diffusion term added in Ea, (13) is an error with respect to Eq. (1) and is

removed in the fourth step by adding an equal but apposite antidiffusion

T e kel ikt it i, s A i it dnilie o i e
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in £, (13).

Some provisional fluxes necessary to rermove the three-point diffusive

error term are calculated in the second step, viz.,

lacd

oy CE40) = L[ (hrdd)-Ectt)]  om

n+l

These fluxes are then corrected in the third step to prevent the formation of new
extrema in the solution or the amplification of existing extrema when used to per-

form in the fourth step the antidiffusion of the first step. The antidiffusion

fluxes are given bv

boop(tra) = sgmlins max| o,

(15)
. N -~ N N ~ _
fm/’n?L\W—i Syl ;| Eneil, Snsd Sgm /‘\""L‘{ﬂ

where

ns

Am4—’ = €,+;(f1“ﬂ'€) - F,;q('ﬁ'fA‘é)

.

2

In the last step, antidiffusion is performed to obtain the value of the

vector F at time t + At, viz.,

F(t+nt) = £ (e+nt) -,y (440%)

(16)
+ Fn-d (£44AL)

*y

-~

This technique which prevents the formation of extrema associated with

e s
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the diffusion term does not ramove valid physical extreoma arising from the term

A

LY

aF/at in Ea. (1).

i

Combining Van Leer's scheme with the FCT technique, i.e., substitutina

T T i e s e e ,.,._,3
i
1

for Ea., (13), the first step in FCT, the followina transnort and diffusion opera- .

E' tions,
i .
F (t+4%) = F (¢) + At 2fon (£+8€) ‘
m N ot
'
E r |
¥ 2 ¢)
si & Kyp d (€] + Lop4 € - (a7
£ .
g{
Lk 16e) + 0,.1)) ) - o 1]
g .
3
;
f vields less expensive, more accurate and stable solutions to some gasdynamic prob-
}
% lems than by applying each method separately. Therefore, the Van Leer-FGT numeri-
] cal method has been used to compute the flow structure associated with vapor cloud
f explosions.
4. Resulls and Discussion
E.‘] 3 » . .
: The propanation in air of non-ideal blast waves qeneratled by centrally
initiated detonation and/or volumetric explosion of spherical clouds of stoichio-
. . . e )
metric propane-air and oxvaen mixtures at initial pressure and temperature of 1
atmosphove and 21,9, respoctivelv, have heen cormuted numerically usina the
Eulerian code described in Section 3. Propane was chosen as the fuel hecause it ?
reorescnta a tvyaieal hydrocarbon and furthercore exverimental hlast data exist for ;
‘ |
: meaningtul comparison,  For both nixtures, the relevant properties corresnonding i
to hoth conbustion rodes arve given in Table 1. Because of the differences in the
%
~=d N R L e TR e Se— 0 -
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specific heat ratios of the combustion 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. The inter-

: face location was obtained from mass conservation of the explosion products, viz.,

¢ 3
| arrpdr = LA

where Ri denotes the instantancous location of the interface and subscript u cha-

racterizes the unburnt mixture. The pressure at the interface was calculated by

L S e e s e,

linear interpolation. Numerical calculations were carried out to blast overpres-

sures of approximately 9.1 atmosphere and the FCT diffusion coefficient 2 was kept

constant at a valuc of 1/8.

Typical pressure profiles for a propane-air detonatton and volumetric

T g g e

explosion, plotted in Figs. 1 and 2 with respect to distance scaled according to
the cloud radius Rc,demonstrate 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.

T T S e R e i v e

Blast energies defined as the work done by the exnanding interface prior
to the formation of the negative overpressure phase are found to represent approxi-
mately 36, 34 and 275 of the combustion energies of detonated propane-air, cthy-

tene-air and propane-oxygen mixtures, respectively. The propane-oxyvaen value com-

pares well with the Author's previous estimate of 25% of the combustion enerqy .
On the other hand, the present fucl-air data which commares well with Fishburn's
3 value for aer? of 37.8%, campletely disaqrees with our previous estimate of al-

most Zﬂ“] and demonstrates the danger of using fitting techniaues.

for volumetric explosions of propanc-air and axvaen mixtures, the blast

cnorgices represent approximately 34 and 277 of the respective comhustion energies
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of these mixtures and differ from Lhe corresponding blast encerqgies from detonation
By 6 and 1%, respectively. Therefore, the present results support and extend
Fishburn's conclusion that blast encrgies 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 larger percentage of combustion eneray appear-
ing as blast encrgy for fuel-air explosions reflects the smallest entropy increase
associated with fuel-air combustion (approximately 60% less than for fuel-oxygen
mixtures). Assuming an isentropic expansion of the combustion products to ambient
pressure, the percentages of combustion enerqgy remaining in the combustion products

as internal encryy have been estimated at about 57 and 70% for fuel-air and oxygen

mixtures, respectively, in good agrecment with the corresponding blast energies.

Non-ideal blast wave overpressures and impulses aenerated by fueli-air
and oxygen explosions plotied in Fig. 3 show far fi 1d ecquivalency when scaled
with respect to the explosion length Ro. The B-K thecory was used to generate the
far field data. Starting at 5 cloud radii, the B-K data were found in excellent
agreement with the numerical data which were computed down to about 19 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-oxyyen mixturces,

In the near-field, blast parameters reflect the non-idealities of the
explosion, namely the mode of combustiori and the nature of the oxidizer. Volumet-
ric explosions are scen to be more destructive in the intermcdiate field where the
blast wave decay is slower than the decay resulting from detonation of the vapor

cloud,

Idecal point blast parameters also plotted in Fiq. 3 decay faster than
the non-ideal data in the intermediate and far fields. In other words, strona
blast waves of high enerqy density cencrated by solid explosives are less destruc-

tive in the intermediate and tar ficlds than the moderate strength bhlast vaves
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associated with smaller eneray density explosions. By matchina the far field beha-

vior, an equivalent blast energy ratio Eq can be obtained. In the present study, the

the overpressure curves have been matched at 0.01 atmosphere vhere the correspond-

R

ing scaled distances R/R, are 1.7 and 2.4 for idcal and non-ideal blast waves, res-
pectively. The equivalent blast energy ratio Eq is (1.7/2.4)3 = 2.8, There-
; fore, the destructive potential of a non-idcal blast wave from fuel-air or oxygen

detonation or volumetric explosion is eauivalent to that of an ideal point blast

explosion with nearly three times the explosion enerqy. This is a consequence of
? the larger dissipation of encrgy in point blast with high initial overpressurc. 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 cnergy 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 paramcters are compared in Fig. 4 with experimental data3. The

LAt

latter were obtained in spherical balloons of diameters ranging from 0.7 to 6

L

meters, centrally ignited, The data are representative of detonations in several

i mear

hydrocarbon-air and oxygen mixturcs 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.

fhe measurements were carried out to distances of 50 cloud radii, Theoretical

overpressures in the far field differ from the experimental data at most by 10%,
well within the 5-107 accuracy of the measurements. The corresponding static im-
pulses show less agreement (297 greater than the experimental data) in view of the
difficulties associated with static impulse measurements.

.

5. Conclusiaons

A Lulerian numerical code usina a flux-corrected transport technique

capable of handling accurately sharp discontinnities like shock waves has been




T T g e

T e T o

»

developed to o apute the effective energy of non-ideal blast waves qenerated by
FAE weapons. For most hydrocarbon-air mixtures, it is found that almost 37% of
the combustion cnerqgy actually goes to the blast wave and this fraction decreases
for mixtures with higher energy densities (eg., about 27% for fuel-oxygen mixtures).
Furthermore, the effective blast enerqy of fuel-air and oxyqen mixtures exhibit no
significant dependence on the mode of <ombustion of the reactive mixture whether
detonation or volumetric cxplesion. On the basis of the effective blast energy,
non-ideal blast waves from fucl-air and oxygen explosives are all equivalent in
the far field and the blast parameters (cg., overpressure, static and dynamic im-
pulses) scale according to the explosion length. However, far field equivalence
for ideal and noun-ideal blast waves does not exist. In other words, far field
blast parameters from idecal and non-idcal explosions arc 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 enerqy 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 H.L. weapons in the far field.
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A Mixture Fuel, & Yu (atm) b (atm) Yh (kcal/ka) ;

£ k

i C Hg-Air 4. 1.37 | 17.27 | 1.28 8.34 | 1.26 668
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Fig. 3 Air plast overpressure and static impulse decays with scaled distance
R/Rg for ideal point blasts, spherical detonations and volumetric explosions
in stoichiometric propane-air and oxygen mixtures.
b " ) H. e N .

cnubledr s

A

i
]
3
q
i
‘i

.ai



SR o o

RS Sk hadiit Ae O ST A A A SR

. -

(ATM)

AIR BLAST OVERPRESSURE

O8]~ e NUMERICAL CODE FPROPANE - AIR

o

'e)
O
($3]
9% /,% S 3590dn] D1lviS .S

PROPANE - AIR (3)

JAN PROPANE - OXYGEN (3)
FIT FROM (3)

.00l

0005

—~=- = = NUMERICAL CODPZ PROPANE-OXYGEN

] 1 1 ! J 1 ] 1 |
A G ] 5 10
R/Ro

Fig. 4  Air blast overpressure and static im i i
! 5 pulse decays with scaled distance R/Rc for 3

spherical detonations in stoichiometric propane-air and oxygen mixtures ‘ g
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