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equivalent chemical times derived from it) provide a much
more useful parameter as input to the required theories and
emplrlcal laws for the predlctlon of the desired requirements
for initiation and propagatlon than the currently used
induction time titself. It is the first and perhaps the
most basic in the hierarchy of so-called "dynamic" detonation
parameters which are parameters that depend on the rates

of chemical reactions (hence "dynamic") as opposed to other
detonation parameters such as the Chapman-Jouguet velocity,
pressure, etc. which are derived from one-dimensional steady
state equilibrium theory (hence static). Experience shows
that the dynamic parameters reflect more intimately the
detonation properties which are of great practical interest
(e.2. initiation, transmission, detonability,etc.)., In

terms of critical tube diameter, the universality of the
important empirical law of do = 13X has been conclusively
verified in the current work. Moreover, the study of the
critical tube diameter which is essentiglly the prohlem of -
the transmission of detonation wave from -‘a confined circular
tube to the unconfined three-dimensional geometry has been
extended to other transmission pgeometries .and the results
correlated succesfully again in terms of a simple empirical"
model. The validity of the surface ehergy modél to corrélate
the detonation cell size and the critical initiation energy
has been further confirmed for a broad range of explosive
mixtures. This simple phenomenological model has been used
to succesfully link, on a quantative basis, the detonation
cell size A with the critical initiation energy not only

for hydrogen-air mixtures but for most of the common gaseous
hydrocarbon fuels ranging from ethylene to the alkanes.
Finally, detonability limits have also been correlated in
terms of thecell size A. Apart from the direct importance

of beinp able to deduce detonability limits &dgain from a
relatively straight-forward procedure of measuring the cell
size, there arises the further important conclusion that one
cannot define detonability limits in terms of thermochemical
properties of the mixture alone but that one must also define
the confining peometrical boundary conditions to unamblguously
define the true detonability limits for a given mixture in a
configuration.

In the current program year, emphasis was also placed
on the study of the problep of intense turbulent mixing
between the burnt and the unburnt explosivemixture. to explore
spec1f1ca11y the environment under which rapid ampllflcatlon
to detonation can be achieved. The turbulent mixing was ~ !
induced by having .a weakly initiated flame prapagate into
an obstacle environment along a linear combustion tube and
thereby create the intense turbulent flow field ahead of
itself by virtue of fluid displacement as a result of the.
increase of the specific volume.in an exothermic reaction.
The condltlons of turbulent mixing between the burnt and unburnt
FAE mixture, the resultinp rapid flame accelaration and the
minimum necessary conditions for transition to detonation
have been studied in the present program.
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1. Introduction

The underlying task in FAE research as it pertains to
AFOSR needs can be summarized in the following way: For a given
fuel-air mixture at prescribed initial and boundary conditions,
the problem is to determine the essential requirements for
direct initiation and sustained propagation of a detonation wave
within the FAE cloud. This implies establishing a priori on a
quantitative basis the minimum required spatial extent of the
activation region for initiation, the characteristic chemical
time scale and the energetics required for the subsequent evo-
lution of the detonation wave in the cloud. Our approach in
the AFOSR sponsored program at McGill has been to look at the
fundamental physical and thermo-chemical phenomena underlying
these events from a sufficiently broad range of perspectives
subh that the important controlling mechanisms can be identified
and thereby the events can be anticipated and controlled on
a quantitative parametric basis. This approach has entailed
a broad range of in-house exploratory laboratory scale experiments
followed up by theoretical modelling on a phenomenological basis
to lay the groundwork and establish quidelines for large scale
field experiments done in collaboration with government and quasi-
government research agencies which have large scale field test
facilities. The present progress report describes the results
that have evolved from such an approach where the activity perti-
nent to AFOSR needs has gone beyond the immediate in-house research
work sponsored at McGill and benefited in scope, scale, level of

activity and productivity by having access to and interaction
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i with external agencies in the manner described. Specifically,

in the current program year, the results of which are being
ﬂv reported herein, large scale tests have been conducted in

collaboration with Sandia National Laboratories, Albuquerque,
- New Mexico and the Defense Research Establishment Suffield,
'~ Alberta and the Norwegian Defence Construction Services, Oslo,
o~

Norway. The results of these tests form an integral part of

= the progress pertinent to the AFOSR program and are included
herein as discrete, self-contained but intimately related

i; sections of the progress report. The whole report is composed

- of individual Appendices describing the progress achieved in

'; the various aspects of the research. All of the Appendices

i form part of a series of publications which have appeared rec.enﬂy

in archive journals in the field or are being presented at inter-
national conferences as indicated on the introductory page of
each study. 1In the next several paragraphs a summary description
= of the progress report is presented to assist in placing the

progress reported in each Appendix in the context of the AFOSR

program.
=
-
-
o 2. Measurement of Detonation Cell Size (Chemical Length Scale)
: and Correlation with the Dynamic Detonation Parameters
) [ .
4 N Over the span of the past several years, extensive
& studies largely carried out in our laboratory have shown that

the detonation cell size A is of great fundamental significance !

to describe an overall chemical time scale that truly characterizes




e & 2 A A A A BNkl BB oA S A1 o h o b b h ahaadn-sod 0¥ 2 ade akivada- abasuthtuiaentaeage- uut ddatoinvaiys et gav it ineotnt v inttadolies i AN AR A N b g

X

Ay

R
P

the chemical reactions in the transient three-dimensional

reaction zone of the complex multi-i 2aded (cellular) structure

of a real detonation wave itself. It is concluded that the

Ay
1

g detonation cell size A (or the equivalent chemical times de-

. rived from it) provide a much more useful parameter as input

" to the required theories and empirical laws for the prediction

72 of the desired requirements for initiation and propagation

- than the currently used induction time 1 itself. It is the

ff first and perhaps the most basic in the hierarchy of so-called

o "dynamic" detonation parameters which are parameters that depend

“ on the rates of chemical reactions (hence "dynamic") as opposed

;i to other detonation parameters such as the Chapman-Jouguet
velocity, pressure, etc. which are derived from one-dimensional

i steady state equilibrium theory (hence static). Experience

= shows that the dynamic parameters reflect more intimately the

v detonation properties which are of great practical interest

g (eg. initiation, transmission, detonability, etc.). In last

. year's progress report, a limited range of cell size measurements
were reported and correlated with the so-called critical tube

[ ] diameter and initiation energy largely in hydrogen-air mixtures.

- The critical tube diameter refers to the minimum tube diameter
for which a planar detonation in a particular explosive mixture
will transmit without failure from a confining tube into an uncon-
fined environment. It has been shown to be a very important

i dynamic detonation parameter because it can potentially be used

- in a number of important practical estimates in the context of

E} the FAE problem. In the first instance, it can be used to infer

.
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the minimum size of a detonable clioud and hence the detonability
limits for a given set of boundary conditions. In the context
of initiation via chemical sensitizers (FAE III concept) it
can serve as a quantitative measure of the minimum spatial length
scale of the activation region required for detonation initiation.
Finally, the critical tube diameter has also been proposed as an
alternate, more easily measurable parameter to assess shock
sensitivity of a given explosive mixture ins ead of initijation
energy which from the practical point of view is prohibitively
difficult to measure for other then relatively sensitive mixtures.
Nevertheless, initiation energy in itself still remains an impor-
tant and basic dynamic detonation parameter; its limitation
rests with the serious difficulty of its quantitative experimental
measurement.

The current effort that is being reported extends
the preliminary success over a limited range of conditions described
in the last progress report of quantitatively correlating the
cell size X with the critical tube diameter, the initiation
energy and the detonability limits. In terms of the critical
tube diameter, the universality of the important empirical law
of d. = 13X has been conclusively verified in the current work.
Mureover, the study of the critical tube diameter which is essen-
tially the problem of the transmission of a detonation wave from
a confined circular tube to the unconfined three-dimensional
geometry has been extended to other transmission geometries and
the results correlated successfully again in terms of a simple

empirical model. The validity of the surface energy model to
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correlate the detonation cell size and the critical initiation
energy has been further confirmed for a broad range of explo-
sive mixtures. This simple phenomenological model has been

used to successfully link,on a quantitative basis,the detonation

DS | 1 VS SRS | BT

cell size X with the c~itical initiation energy not only for

hydrogen-air mixtures but for most of the common gaseous hydro-

carbon fuels ranging from ethylene to the alkanes. Further
correlation requires additional data on the quantitative measure-
ment of initiation energy, the bulk of which so far has been
produced by Ellsworth at the Shell Thornton Research Center in
Great Britain. The significant importance of the cell size -
initiation energy correlation cannot be overemphasized since

now via a relatively simple laboratory scale measurement of

cell size X, one can infer the initiation energy and hence shock
sensitivity of just about any explosive gaseous medium. Finally,
detonability 1imits have also been correlated in terms of the
cell size Xx. Apart from the direct importance of being able

to deduce detonability 1limits again from a relatively straight-
forward procedure of measuring the cell size, there arises the

further important conclusion that one cannot define detonability

Timits in terms of thermochemical properties of the mixture
alone but that one must also define the confining geometrical

boundary conditions to unambiguously define the true detonability

IS O

1imits for a given mixture in a particular configuration. A

Thus in terms of the progress report, Appendix I describes

in great detail the recent successful universal quantitative cor-

y e

relation between the cell size A and the other practically




-

R
-
Y
(]

st

«.l

-~ od T " nglash Zfian e s Saan il ) - And Al “Yudl e S A LA e
Fﬂ,,r,-g.-..—.,‘_-, TP N aiare i saa~aiia i a AR i A P ol aiac o ga s DR Sart i et At Bl b e i) Aiahe

important "dynamic" detonation parameters such as the critical
tube diameter, initiation energy and detonability limits. b
Appendix II followed-up by large scale studies described in
Appendix IIl and Appendix IV pertain to the assessment of the
transmission properties of detonation waves from confined

to unconfined geometries. Appendix V constitutes a summary
review or compendium of essentially the current state of the

art in FAE research derived largely from the studies described

o LL L‘.. W '4- Yt ls 'l_.l: | RN

herein.

N A

3. Intense Turbulent Mixing, Flame Acceleration and Transition

to Detonation

In the FAE III concept, one relies on the tailored

Y < KPP

intense turbulent mixing between the chemical sensitizer and

™

o4

K
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th2 explosive fuel-air cloud to set up suitable conditions for

"shockless”" initiation of detonation. By “shockless" initiation
is meant that one does not supply a priori a detonation level
shock wave in the initjation process as one does, for example,

in the blast initiation. In fact, the medium initially is

entirely shock free. Rather the shock wave, which ultimately
must reach detonation strength, must evolve spontaneously within
the chemically sensitized activation region purely by virtue

of the intensity of the exothermic chemical reactions relying

exclusively on the energy content of the sensitized portion of

the fyel-air cloud itself, Clearly, phenomenologically this
is not a simple process and to work successfully requires a

very judicious tailoring of a number of time scales, length scales,
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. reaction rates and energetics. Suitable conditions must be

) generated such that once reactions are intiated rapid ampli-

fication of pressure waves that are produced in the exothermic

n chemical reactions must progress in a coherent fashion to

> lead to detonation level shock waves within the chemically

sensitized region which must be of sufficient size, the scale

of which has been alluded to in the discussion on the critical

tube diameter in the previous section. The "detonation" wave

thus formed within the chemically sensitized portion of the

(= fuel-air cloud will then transmit into the rest of the cloud
leading to global detonation of the cloud. The most difficult
aspect of the FAE III concept is to know a priori and be able

i to create experimentally the kind of conditions whereby the
chemical reactions in the sensitized portion of the cloud
progresses in step (i.e. coherently) with the evolving pressure

field and thereby provide the adequate shock amplification

‘ environment which can ultimately lead to detonating the initally

shock free medium.

In the current program year, emphasis was placed on
the study of the probliem of intense turbulent mixing between
the burnt and the unburnt explosive mixture to explore specifically
the environment under which rapid amplification to detonation
can be achieved. The turbulent mixing was induced by having a
weakly initiated flame propagate into an obstacle environment
- along a linear combustion tube and thereby create the intense

turbulent flow field ahead of itself by virtue of the fluid
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displacement as a result of the increase of the specific volume
in an exothermic reaction. The conditions of intense turbulent
mixing between the burnt and unburnt FAE mixture, the resulting
rapid flame acceleration and the minimum necessary conditions

for transition to detonation have been studied in the present

program and are reported in Appendix VI.
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., equivalent chemical times derived from it) provide a much
N more useful parameter as input to the required theories and

empirical laws for the prediction of the desired requirements

for initiation and propagation than the currently used

. induction time titself. It is the first and perhaps the

b most basic in the hierarchy of so-called "dynamic" detonation

parameters which are parameters that depend on the rates

g of chemical reactions (hence "dynamic") as opposed to other

o detonation parameters such as the Chapman-Jouguet velocity,

pressure, etc. which are derived from one-dimensional steady
state equilibrium theory (hence static). Experience shows

” that the dynamic parameters reflect more intimately the

detonation properties which are of great practical interest

(e.g. initiation, transmission, detonability,etc.). In

terms of critical tube diameter, the universality of the

important empirical law of de = 13X has been conclusively
verified in the current work. Moreover, the study of the
-s critical tube diameter which is essentially the problem of

the transmission of detonation wave from a confined circular

tube to the unconfined three-dimensional geometry has been

extended to other transmission geometries .and the results

correlated succesfully apain in terms of a simple empirical

- model. The validity of the surface energy modél to correélate

the detonation cell size and the critical initiation energy

e has been further confirmed for a broad range of explosive

o mixtures. This simple phenomenological model has been used

to succesfully link, on a quantative basis, the detonation

- cell size A with the critical initiation energy not only

i for hydropgen-air mixtures but for most of the common gaseous
hydrocarbon fuels ranging from ethylene to the alkanes.

Finally, detonability limits have also been correlated in

7 terms of thecell size A. Apart from the direct importance

N of beinp able to deduce detonability limits dgain from 3

relatively straight-forward procedure of measuring the cell

u size, there arises the further important conclusion that one
cannot define detonability limits in terms of thermochemical

properties of the mixture alone but that one must also define

the confining peometrical boundary conditions to unambiguously

S, define the true detonability limits for a given mixture in a
" confipuration.

In the current program year, emphasis was also placed
= on the study of the problem of jintense turbulent mixing
= between the burnt and the unburnt explosivemixture. to explore

specifically the environment under which rapid amplification

to detonation can be achieved. The turbulent mixing was 3
induced bv havinpg a weakly initiated flame propagate into

an obstacle environment along a linear combustion tube and
thereby create the intense turbulent flow field ahead of

itself by virtue of fluid displacement as a result of the

"3 increase of the specific volume.in an exothermic reaction.

The conditions of turbulent mixing between the burnt and unburnt
FAE mixture, the resulting rapid flame accelaration and the
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MEASUREMENTS OF CELL SIZE IN HYDROCARBON-AIR MIXTURES AND PREDICTIONS OF
CRITICAL TUBE DIAMETER, CRITICAL INITIATION ENERGY AND DETONABILITY LIMITS

han aud
Tt

R. Knystautas, C. Guirao, J.H. Lee and A. Sulmistras

Department of Mechanical Engineering
. McGIT) Univers] ty

Montreal, Canada

. ABSTRACT

Experimental measurements of the detonation cell sfze in mixtures of H
" CoHp, CoHy, CoHg, C3Hg and C4Hyg with air over a range of fuel concentratiofs
i have been carried out in three cylindrical tubes of diameters 5 cm, 15 om
and 30 cm. The cell size has been détermined from the signatures on smoked
o aluminum foils placed inside the tube as well as from the frequency of the
Ny pressure fluctuations recorded by piezoelectric transducers. Based on the
cell size data obtained, estimates of the critical tube diameter using the
empirical law of Soloukhin and Mitrofanov (d. = 13X) have been found to be
- in agreement with experimental data from direct measurement of the critical
i tube itself. Hence, the important empirical law d. > 132 {s thus verified.
Estimates of the critical charge weight from the cell size data using the
. surface energy theory proposed by Lee have been found to agree reasonably
"y well with the experimental results of Clsworth. Based on the criteria for
) stable propagation in tubes (d* = A/w) and in two-dimensional channels (W* =3
A), detonability 1imits can also be predicted from a knowledge of thé cell
o size A. Based on Westbrook's kinetic calculations, it is found that the cell
- size data are directly proportional to the induction time of the oxidatfon
' process which confirms qualitatively Schelkhin's model. However, on a quan-
titative basis, Schelkhin's model predicts cell sizes an order of maanitude

ii larger than the present experimental datd.

g

2 Presented at the 9th International Colloquium on Dynamics of

- Explosions and Reactive Systems, .Poitiers, France, July 1983.
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- MEASUREMENTS OF CELL SIZE IN HYDROCARBON-AIR MIXTURES AND PREDICTIONS OF
: CRITICAL TUBE DIAMETER, CRITICAL INITIATION ENERGY AND DETONABILITY LIMITS

R. Knystautas, C. Guirao, J.H. Lee and A. Sulmistras
. Department of Mechanical Engineering
McGill University
‘ Montreal, Canada

N I. Introduction

" An assessment of the relative detonation sensitivity of various fuel-
uxygen-nitrogen mixtures was carried out by Matsui and Lee! using the criti-

- cal initiation energy for spherical detonations as a basis for comparison.

The critical initiation enerqy itself depends on the energy-time character-
istics as well as the geometry of the source?>® and is thus a rather complex
parameter. Furthermore, for the relatively insensitive fuel-air mixtures,
the critical initiation energy is usually measured in terms of an equivalent

- weight of a high explosive charge typically of the order of 100 g or more.

" This requires rather large volumes of gases for a long enough detonation tra-
vel to conclusively determine the stability of the detonation in the case of
successful initiation. The use of long rectangular bags rather than spheri-

-, cal balloons simplifies the experiments somewhat but suffers from a certain

- degree of lateral confinement of the plastic walls as shown by Moen et al."
Thus, a rectangular bag does not simulate a truly unconfined spherical deto-
nation. For insensitive fuels or for near-linit mixtures, the critical cross-

i: sectional dimension of the rectangular bag required for stab]e propagation is
' also very large and is not known a priori.

[ - In recent years, the critical tube diameter required for the successful
II transformation of a confined planar detoration into an unconfined spherical

wave has been shown to be easily measurable. 'Since the re-initiation pro-
_ cess for successful transformation of a plarnar into a spherical wave occurs
s within a distance of the order of one tube d::m:-ter from the exit of the tube,
: even the large-scale experiments required are of rather modest dimensions. Al-

thouah the critical tube diameter has been related to the critical energy by
ll Lee and Matsui’ using a "work-done" concept, a far more important fundamental

’ relationship between the critical tube diameter "d." and the cell size or

transverse wave spacing "A" has been established 1n recent years. First ob-
served by Mitrofanov and Soloukhin® and confirmed later by Edwards et al.
it was found that dc = 13X for CpHp-02 mixtures at sub-atmospheric pressures
of about 80 torr. Following the suggestion of Edwards that this empirical
law should have a wider applicability, Knystautas et al.® carried out exten-
sive experiments in fuel-oxygen-nitrogen mixtures to measure both the criti-
cal tube diameter "d." as well as the cell size "A" over a wide range of ini-
tial pressures and conf1rmed the va]1d1ty of this empirical law of dc = 13X
for the fuels tested (Hp, CpHp, CoHg Hg» C3Hg, CHg, CoHg, C4Hyg and MAPP)
With the critical tube diameter 11nked %o the ce]] size tgrough this s1mp1e
empirical law, it is then possible to perform laboratory-scale experiments in
confined tubes to determine the cell size "\" and deduce the critical tube
diameter from it. A program for the systematic measurement of the detonation
cell size in atmospheric fuel-air mixtures has been carried out. The present
paper reports the results obtained ard the correlation of the cell size to
. existina data from actual measurements of critical tube diameter as well as
[ ~ritical initiation energies.
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2. Experimental Details

Three steel tubes (5, 15 and 30 cm in diameter) of length £ 20 m were
used in the present study. The tubes were equipped with ionization probes
for the measurement of the detonation velocity and piezoelectric transducers
for pressure measurements. Commercial grades of CpHy, Hp, CoHg, CoHg, C3Hg
and CqHyp and bottled compressed air were used. n the 5 cm and ?5 cm dia-
meter tubes, the mixture of the desired composition was prepared in a conti-
nuous flow system with flow rates monitored through standard calibrated rota-
meters. The tube was purged with the premixed gases for at least 5 tube vol-
umes prior to the experiment. In the Targer diameter (30 cm) tube, the mix-
ing procedure was as follows: the tube was first evacuated and the desired
volumes of air and fuel were then introduced into the tube via the method of
partial pressures. A bellows-type pump was then used to recirculate the
gases from one end to the other to permit thorough mixing of the components.
Initiation of the detonation was via an exploding wire or a blasting cap de-
pending on the sensitivity of the mixture. In the 30 cm diameter tube, it
was often required to use an additional booster charge with the blasting cap
for direct initiation. A short length of wire spiral was usually placed at
the initiation end to guarantee the rapid formation of the detonation wave.
To record the detonation cell signatures, smoked aluminum foils were used.
The aluminum foils were usually of width nd and as long a length (in the
direction of propagation) as experimentally possible for a more easier esti-
mation of the averaged cell size. For cell sizes large compared to the dia-
meter of the pressure transducer, periodic pressure fluctuations could be
seen superimposed on the main pressure trace. The periods of these pressure
fluctuations "tc" can be used to estimate the cell length "L." (Lo = te Veg)
which can then be converted into cell size via the approximate geometr?ca?
relationship X = 0.6 L.. Thus the pressure trace as well as the smoked foil
record provide two independent means for estimating cell sizes. In general,
a few experiments had to be carried out for each mixture composition in order
to conclusively establish the cell size for the particular mixture.
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2. Results

The averaged detonation cell diameter "A" for six gaseous fuels (H2,
CoHp, CoHa, CoHg, C3Hg and C4Hyg) is plotted against the equivalence ratio
¢ in Fig. 1. Except §or hydrogen, the minimum cell size (or the most sensi-
tive composition) corresponds to a mixture composition slightly on the fuel-
rich side (¢ > 1) rather than stoichiometric (¢ = 1). As can be observed,
estimates of the cell size from pressure fluctuations are in good agreement
with those obtained from smoked foil records. Except for methane (CHg), all
the alkanes (C3H8, CoHg» CqHy ) appear to have the same sensitivity in that
their cell sizes are practica?]y jdentical. For methane, the use of 50 g of
explosive charge failed to cause direct initiation for the stoichiometric
composition although Kogarko® reported detonations in fuel-lean (from 6.9 to
8.2% CHs4) and fuel-rich (from 11.1 to 13.5% CHg) CHg-air mixtures in a simi-
lar tube using 50 g and 70 g of explosive charges, respectively. However,
ve feel that a 50 g charge is the upper 1imit for safe operation in a uni-
versity laboratory. Furthermore, Moen!® recently performed experiments in a
6 foot diameter tube and estimated from his smoked foil record a cell size
of about 33 cm for stoichiometric methane-air mixtures. This would corres-
pond to about 6 times the minimum cell size of about 5.35 cm for tbe_other
alkanes (i.e., C3Hg, CoHg and CqHig). In increasing order of sensitivity
E (or decreasing cell size?, ethylene (CoHg) follows the alkanes and @ydrogen

(Hp) is slightly more sensitive than CyHs. As expected, acetylene is found
to be the most sensitive fuel with a minimum cell size A = 0.565 cm as com-
pared to A = 1.5 cm for Hp, X = 2.6 cm for CoHy and A = 5.35 cm for the al-
kane group (C3H8, CoHg and C4H]0). For the stoichiometric compositions of
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the mixtures studied in the present work, cell sizes were determined by Bull
et al.!' in a detonation tube of rectangular cross section (7.6 cm x 3.8 cm)
using smoked stainless steel foils. Bull's results are X = 0.92 cm, 1. cm,
2.4 cm, 5.4 cm and 5.6 cm for CoHp, Hy, CoHg, C2 Hg and C3Hg, respectively
and are in good agreement with %he present observations. It is also of im-
portance to note that the width of the typical U-shaped curves for cell size
A versus fuel composition ¢ decreases with decreasing sensitivity of the
fuel. Also, the increase in cell size as the equivalence ratio approaches
the rich Timit (¢ > 1) is in general much slower than towards the lean limit
(6 < 1). This universal behavior is reflected in practically all dynamic
getonqtio?fparameters that are dependent on the induction time of the mix-
ure itself.

Based on cell size data, the critical tube diameter d. can be estimated
from the empirical relationship d¢c = 13X. The solid curves shown in Fig. 2
represent critical tube diameters estimated from the present data obtained
for A. Although an extensive experimental measurement of the critical tube
diameter for fuel-oxygen-nitrogen mixtures was carried out by Knystautas et
al.®, relatively few data exist for "d." in fuel-air mixtures, in particular
for off-stoichiometric compositions. Some of the data that are currently
available from large-scale field tests are also shown in Fig. 2. Because of
the interest in Hp-air mixtures in connection with nuclear reactor safety,
large-scale experiments on the measurements of d. for both lean and rich Hj-
air mixtures were carried out recently by Benedick at Sandia National Labora-
tory (New Mexico).!? As can be observed from Fig. 2, the agreement with the
estimates of d. from cell size data via the empirical law d. = 13X is ex-
tremely good for the case of Hp. For ethylene (CgH4), a limited number of
experiments were carried out at Raufoss (Norway)!'? and at DRES!* for lean
CoHg-air mixtures. The results are also in accord with the present esti-
mates from cell size data. For lean acetylene-air mixtures, some direct mea-
surements of "d." were also carried out at Raufoss.!'? Although no special
attempt has been made to narrow down the range of mixture compositions bet-
ween success and failure for transmission in a given tube, the results are
also found to be in good agreement with the predictions from cell size data.
For stoichiometric CpHp-air and Hp-air mixtures, direct measurements of "d¢"
were carried out by Knystautas et al.® For stoichiometric Hy-air mixtures,
the agreement is almost perfect. For CoH2-air mixtures, the measurements of
"d." are slightly higher than those estimated from "\". However, "bottle"
to "bottle" variations of the purity of the commerical CoHp used can account
for the observed deviation in view of the extreme sensitivity of the CoHp-
air mixture itself. It would be of interest to extend the critical tuge
diameter measurements to fuel-rich hydrocarbon-air mixtures as in the case
of hydrogen-air mixtures in order to verify the validity of the dc = 13
correlation over the entire range of fuel compositions between the two
Timits.

Although the critical initiation energy has been deduced from a know-
ledge of the critical tube diameter from energy considerations usin? a "work
done" concept,:!% a better model was recently developed by Lee.'?s'® The
model postulates that there exists a minimum surface energy per unit area of
the wave front for successful transformation of a planar detonation into an
unconfined spherical wave. This minimum “surface energy" is then equated
directly to the area of the critical tube (i.e., nd.?/4). Assuming the re-
quirement of a minimum size of a detonation kernel ?or direct initiation,'’
the surface area of the critical detonation kernel is then equated to the
area of the critical tube (i.e., 4nR%¥? = nd.?/4). Using strong blast theory
to relate the blast energy E. to the kernel radius R& where the detonation
is assumed to be of Chapman-Jouguet strength, the following simple expression
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€ was obtained by Lee et al.!®
i~ 3
| "\ d
s = 2 "£
o E. = 4mv p My (7 ) (1)
:. or equivalently
| - . 2197 274 3
| Ee 6~ ™oPollca I (2)

where use has been made of the empirical relationship discussed previously
that d¢c = 13x. In Eqgs. 1 and 2, v, and p, denote the specific heat ratio and
the initial pressure of the mixture, Mgy 1s the Chapman-Jouguet detonation
) Mach No. and I is a dimensionless constant representing the energy integral
. in strong blast theory. Based on the cell size data obtained, the critical
initiation energies for the various mixtures studied can be evaluated from
Eq. 2. Figure 3 shows a comparison of the predicted results using Eq. 2 and

o those obtained by Elsworth from direct experimental measurements of the cri-

o tical weight. For CoHg, Murray et al.* have also obtained a few critical ini-
tiation charge weights for lean mixtures. The critical energy in Fig. 3 has

= been expressed as an equivalent charge weight of tetryl (1 g tetryl is equi-

valent to 4270 joules) for easy comparison with Elsworth's experimental data.
The agreement in general is reasonably good in view of the simplicity of the

. model. No experimental data of critical energies have been reported for
“ CoHp-air mixtures to permit a comparison with the present prediction from Eq.
- 2. For most practical situations, Eq. 2 can be used to predict critical ini-

tiation energies (or charge weights) with quite acceptable accuracy.

The detonability 1imits in tubes have also been related direct]y to the
- cell size by Lee et al.!® Based on the experimental work of Donato,'®»!? it i
was found that the onset of single-headed spinning detonations correspond to
hY the 1imit for stable propagation in the given tube. Donato showed that for
li mixtures outside the single-head Timit, a finite perturbation would cause the
detonation to fail and the combustion wave will continue to propagate as a :
» deflagration thereafter. Only for mixtures within the single-head limit ]
= would regeneration into the detonation mode occur shortly downstream of the
finite perturbation that causes the wave to fail. It should be emphasized
that using a strong enough initiator, spinning detonations can always be ini-
II tiated in a given tube over a wide range of composition beyond the onset
" 1imit when spinning first occurs. However, it has been shown that these
spinning waves will decay when encountering finite perturbations and after
o failure will not transit again to the detonation mode without the support of
R a strong initiator. However, without a finite perturbation (such as a couple
of turns of a Schelkhin spiral), these spinning waves may persist for as much
as 100 tube diameters without showing any sign of decay.

et g

of the tube circumference (i.e., A = nd), the composition 1imits for a given
circular tube can be estimated if A is known. Figure 4 gives the limiting
tube diameter "d*" as function of equivalence ratio for the various fuels stu- !
died. For a given fuel composition (i.e., a given ¢), stable detonations can- .
not be propagated in tubes with a diameter d < d*. Thus, for the case of

. stoichiometric Hy-air mixtures, d* = 0.5 cm when compared to d* = 0.2 cm for

& CoHp and d* = 1.7 cm for the alkanes. It is of interest to note that accord-

ing to the cell size reported by Moen for methane (i.e., X = 33 cm), a mini-

mum tube diameter for stable detonation propagation in stoichiometric methane-

air mixtures would be of the order of at least 10 cm. Thus the results

[
:: Adopting the criterion that the onset of single-head spinning waves in a i
given tube should correspond to the detonability limits for that tube, the ]
o limits in circular tubes can be estimated when cell size data are available. E
o Since the onset of single-head spin corresponds to a cell size of the order N
a z
i
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reported by Wolanski et al.2° in a 5 cm tube should correspond to overdriven
transient waves only. This is supported by the fact that they observed
single-head spinning waves over the whole range of fuel concentrations
studied. For two-dimensional channels, the 1imit should correspond to a
composition where the channel height "W" is of the order of the cell size.
This is supported by the recent experiments of Vasiliev?! who found that
stable detonation propagation corresponds to W 2 A.

From a practical point of view, the detonation limits for a thin hori-
zontal layer of explosive mixture bounded by one solid surface (ie.,. ground) is
of interest. Recent experiments by Liu?? for transmission of planar detona-
tions through rectangular slits into unconfined media as well as large scale
transmission experiments from two-dimensional channels by Benedick??® showed
that the critical channel width W* ~ 3x, Thus it is reasonable to assume
that the minimum thickness "h" of a layer of explosive gas that can support
a detonation should be of the order of one and a half cell size (i.e., h* =
1.5x). Thus, for stoichiometric Hp-air mixtures, h* = 3 cm as compared to
the alkanes C;Hg, CoHg and CgHyg for which h* ~ 8 em. For CHg, h* = 0.5 m
based on Moen's estimate of A = 0.33 cm, which is much smaller than commonly
expected for methane. Direct experiments must be performed to verify the
1imit postulate of an unconfined thin layer of explosive.

As suggested by Schelkhin,?* the cell size should be directly propor-
tional to the induction zone thickness. However, no theory exists at pre-
sent whereby the cell size X can be predicted a priori from a knowledge of
the induction kinetics. However, Westbrook?®-27 has made extensive correla-
tions between experimentally measured A (or equivalently d.) and induction
times computed from detailed kinetics of the oxidation processes. In gene-
ral, it can be shown that A ~ ¢ where 2 is the induction length but the con-
stant of proporticnality has to be determined by matching with an experimen-
tal datum. The proportionality constant_depends on how the induction time
is computed. For example, Westbrook based his induction time on a constant
volume explosion process, while Shepherd?® integrated the kinetic rate equa-
tions along a Rayleigh line as in the classical ZDN model for the detonation
structure. There is no special justification for either method since both
have to use an experimental point to find the proportionality constant it-
self. The solid curves in Fig. 1 represent the estimated cell sizes from
kinetic data matching at the stoichiometric composition point. The results
are relatively in good agreement with the data despite some discrepancies
as the mixture composition departs from the stoichiometric composition which
may result from the choice of the matching point. Nevertheless, the reason-
able agreement confirms Shchelkhin's postulate. However, useful models for
linking the cell size A to the kinetics of the reaction must somehow take
into consideration the complex transient gasdynamics processes of the cell
interactions.

4. Conclusions

From the cell size data obtained in the present investigation, critical
tube diameter, critical initiation energy (charge weight) as well as detona-
bility limits have been estimated. Comparison with available data for the
critical tube from direct experimental measurements confirms the general
validity of the empirical law d. = 13X first observed by Mitrofanov and
Soloukhin. However, more extensive experiments should be carried out parti-
cularly in fuel-rich mixtures to consolidate the validity of this empirical
expression. Due to its fundamental significance, it is also of importance
to carry out experiments in fuels other than the hydrocarbons to_verify ;he
universality of the d. =~ 13x Taw. The critical initiation ene.1ies predicted
by the minimum surface enerqy model using experimental cell size data agree
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reasonably well with direct experimental measurements. Thus, apart from the
practical usefulness of Eq. 2, the linkage of the cell size A to the critical
initiation energy E. should elucidate the fundamental mechanisms of the fail-
ure and reinitiating processes in the critical tube experiment, the blast
wave initiation processes as well as the detailed cell dynamics of the trans-
ient shock interactions. This may lead to a theory for the empirical law

dec ~ 13X itself. Prediction of detonability limits (or minimum tube diame-
ters for stable propagation) from cell size data is an important contribution.
However, extensive experiments must be carried out further to verify the pos-
tulates for stable propagation (i.e., d* = A/w for circular tubes, W* =3) for
two-dimensional channels and h* = 1.5% for a thin layer bounded by one solid
surface). Thus far, the experiments in circular tubes by Donato and two-di-
mensional channels by Vasiliev are of limited scope. Although it has been
shown that all the dynamic detonation parameters (i.e., critical tube diame-
ter, critical initiation energy and detonability 1imits) can be linked to the
cell size, a theory for the prediction of the cell size A from basic informa-
tion on the physical chemical properties of the explosive mixture is still
lacking.
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Effect of Geometry on the Transmission of Detonation
through an Orifice

Y. K. LIU*, J. H. LEE, and R. KNYSTAUTAS

Department of Mechanical Engineering, McGill University, Montreal, Canada

An experimental study has been carried out 1o investigate the transmission of a planar detonation wave through an orifice
into an unconfined medium. Mixtures of 2H; + O; + SN; and C;H, + 3(0O; + 8N,) for a range of nitrogen
concentrations corresponding to 1 = 8 % 3.76 and at an initial presure of | atm were used in the experiments. It is found
that the critical diameter for the transmission through an orifice is identical to that for a straight tube and both foliow the
empirical correlation of d. = 13\. The transmission through square, triangular, elliptical, and rectangular orifices has
led to the development of a correlation based on the effective diameter similar to the case of circular geometry (i.c., d.y
= 13)). The effective diameter is defined as the mean value of the longest and shortest dimensions of the orifice shape.
The effective diameter correlation suggests that the criterion for tansmission may be based on the mean curvature of the
wave front, the implication being that it is not to exceed a certain critical value. The results suggest that local properties
in the immediate vicinity of the wave front are the controlling parameters for reinitiation rather than the properties of the
gas dynamic flow structure in the wake. Expressions are developed to provide estimates for the critical transmission
dimensions for arbitrarily shaped openings. For the two-dimensional limit when one of the characteristic linear
dimensions becomes very large compared to the other, it is found that the transmission is based on a critical value for the
shorter dimension of the order of 3 times the cell diameter. This result is in accordance with the recent large scale
experiments of Benedick in two-dimensional channels of an aspect ratio L.W as large as 35. These observed results can
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also be successfully explained in terms of the critical wave curvature criterion.

1. INTRODUCTION

When a planar detonation wave emergés from a
circular tube into an unconfined environment
filled with the same explosive gas mixture, the
detonation may continuously transform to propa-
gate as a spherical wave without failure if the tube
diameter is greater than a critical value (d > d.) or
may fail to a deflagration wave if d < d,. Zeldo-
vich et al. [1] were the first to suggest that the
critical diameter is related to the induction zone
length of the detonation wave. Mitrofanov and
Soloukhin [2] later made the important observa-
tion that the critical tube diameter d, == 13X\ for

* Permanent address: Institute of Mechanics, Chinese
Academy of Sciences Beijing, People’s Republic of
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a circular tube and W, = 10X for a rectangular
channel (W, is the channel width and A is the cell
size of the detonation wave). This observation was
later confirmed by Edwards at al. [3], who also
suggested that the correlation may be universal
and valid for all mixtures. The empirical correla-
tion d, = 13\ gives a direct link between the de-
tonation transmission phenomena and the micro-
structure of the detonation front itself. By using
this correlation, other dynamic detonation proper-
ties of mixtures (such as the critical initiation
energy and detonability limits) may be deduced
[4-7]. On the practical side, d, = 13X is also use-
ful in the design of detonation wave traps and in
estimating the critical dimensions of pipes and
openings between interconnecting chambers to
prevent transmission of detonation from one to
the other. Recently, considerable effort has been
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devoted to the experimental measurement of the
critical tube diameter for a wide range of fuels and
initial conditions. It was found that the empirical
correlation d, = 13X indeed holds for many hydro-
carbon gas mixtures and under various initial con-
ditions {4, 5).

All the experiments to date have been con-
cerned mainly with the circular geometry. It is of
great interest to know what the criterion is for the
transmission of a detonation through an orifice
whose geometry is other than circular. Some
preliminary studies on the detonation transmission
through rectangular orifices have already been
reported [7]. However, systematic investigations
of the geometric effect of the opening on transmis-
sion of detonation have not been made. Results
reported by Mitrofanov [2] and Edwards [3] are
based on square channels. For true two-dimen-
sional geometries, rectangular orifices having an
aspect ratio of infinity (length/width) must be
used. For L/ W — oo, the transmission process will
be two-dimensional resulting in the formation of a
cylindrical detonation. The present paper describes
the recent results of an experimental study on the
effect of geometry of the opening on the transmis-
sion of detonation waves.

2. EXPERIMENTAL DETAILS

The apparatus used in the present experiments is
essentially similar to that described in great detail

Y. K. LIU ET AL.

in a previous paper on critical tube diameter
measurements [4]. Briefly, as shown in Fig. 1,
the apparatus consists of a tandem arrangement of
detonation tubes extending a total length of 3.4 m
and culminating in a maximum tube diameter of
20 cm diam. The 20 ¢cm diam tube is joined to a
cylindrical detonation chamber (56 ¢cm diam X
78 cm long). At the interfacing flanges between
the detonation tube and chamber, provision is
made for inserting orifice plates which are typi-
cally 1 cm thick X 22 cm diam with a differently
shaped orifice opening milled into each plate.
However, the maximum linear opening dimension
for any shape of orifice is limited to the inner
diameter of the detonation tube, j.e., 20 cm. The
orifice openings have sharp edges formed by cham-
fering at 45°. A planar detonation wave is initiated
at the extreme end of the detonation tube arrange-
ment by a powerful ignition source using an elec-
trical condenser bank connected to an-exploding
wire igniter. The planar detonation wave propa-
gates the 3.4 m toward. the orifice and emerges
into the detonation chamber by diffracting through
the orifice. Before each experiment, the tube—
chamber combination is first evacuated (pg < 1
Torr) and then filled to 1 atm and flushed five
volumes by the flow displacement technique. The
flow composition is controlled by calibrated ro-
tometer-type flow meters, and typical flow rates
are of the order of 30-40 1/min. The fuels studied
were acetylene, hydrogen, and ethylene of com-

DETONATION CHAMBER DETONATION TUBE
e —— 750 MM et~ A -—*'.—- 1780 »m 1610 w —
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- .
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DF TONIAT 1N TRANS I TION SPIRAL 1704100

Fig. 1. Experimental apparatus.

1

o .
PO QP Q'Y

o




EFENY AP

(SRS

(N
I

T

OO

IR - jpcaiche
‘

1ot ot shalh Mol gode vk S dhnll Sk iad Ans Ball i SN

»
l‘- Y

TRANSMISSION OF DETONATION

mercial purity (CP grade). The explosive mixture
consists of stoichiometric proportions of fuel-
oxygen with nitrogen dilution as specified by the
parameter § = N, /O,. The range forfis 1 <g <
3.76, the upper bound corresponding to the
fuel-air composition. All experiments were carried
out at | atm initial pressure.

To study the geometric effect of the detonation
transmission phenomenon, three groups of orifices,
each group corresponding to the same orifice area,
were used. Figure 2 illustrates the orifice configu-
rations for each group and consists of circular,
square, triangular, and elliptical (2:1 axis ratio)
orifices. The three groups of orifices have areas of
20, 64, and 127 c¢cm?2, corresponding to circular
orifice dimensions of S, 9, and 12.6 cm diam. In
order to study the detonation transmission process
for a two-dimensional expansion, a series of
rectangular orifices was used. The range of aspect
ratio (L/W) for the rectangular orifices is 3.75 <
L/W < 15, with the range of actual dimensions
being 8 < L <19 cm and ] < W <5 cm. To assess
the detonation transmission from the detonation
tube through the orifice and into the detonation

chamber, two calibrated piezoelectric pressure

transducers (PCB113A24, 5 mv/psi) were used,
one in the detonation tube and the other at the
center of the back flange (opposite to the detona-
tion tube. exit) of the detonation chamber. Suc-
cessful transmission into the chamber or failure of
the detonation wave in the chamber was established
by the time of arrival and the magnitude of the

JAN
‘-

Fig. 2. Comparison of different orifice geometries for the
same area.

-’ o B
- oo hd
.

v MMM barana” ol vl oA e ot S-S al B i Sl . R AR T E T s Te T T e e @ e e e oA e W ‘T

217

reflected pressure as monitored by the transducer
at the back flange of the chamber. A smoked foil,
placed along the inner wall of the 20 cm diam de-
tonation tube, was used to determine the charac-
teristic cell diameter A for each mixture.

3. RESULTS AND DISCUSSIONS

The preliminary results reported earlier {7]
have indicated that the critical diameter for
detonation transmission from a tube and an orifice
is the same under similar conditions. However, due
to a higher upstream pressure from the reflection
of the detonation wave from the orifice plate, one
may expect that the critical orifice dinmeter
should be somewhat less than that for a straight
tube. Since the results reported earlier are based
on a limited number of large scale experiments
under field conditions where experimental param-
eters could not be controlled accurately, a series of

test were carried out in Ho-Op-N; and CpHy-.

02-N, mixtures at an initial pressure of 1 atm to
verify this important result. Figures 3 and 4 show
the critical orifice dismeter for u runge of nitrogon
concentration in stoichiometric mixtures [i.e.,
2H, + O, + AN, with 1 € 3 < 3.76 and CoHg +
3(0y + BNy) for 1 < § < 3.0]. The results are
found to be in perfect accord with those for
straight circular tubes obtained previously by
Knystautas et al. [4]). Cell size measurements have
also been carried out, and the cell size data are also
in agreement with those of Knystautas et al. Based
on the cell size data, the empirical correlation of
d. = 13\ is also found to be¢ valid for circular
orifices as it is for straight circular tubes. Thus the
present results conclusively demonstrate the
equivalence of the critical diameter for orifices and
for tubes, even though in certain experiments, the
ratio of the orifice diameter to the tube diameter
in which the orifice plate is mounted is quite small
(d/D = 0.1). One would expect significant in-
fluence of the reflection of the detonation wave
on the flow structure of the product gases emitting
from the orifice under this condition. Thus the
present experiments indicate that the reinitiation
process as the detonation wave exits from the
orifice (or tube) is a very local phenomenon
limited to a small region of the order of a cell
length in thickness at the detonation front itself.
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Fig. 3. Comparison of the critical tube and orifice diameters as a function of dilution

ratjo in Hp~0Og-Ngy mixtures,

The flow behind the front seems to play a minor
role in the reinitiation process. Hence, the so-
called work-done model suggested by Lee and
Matsui {8] in which the reinitiation is equated to
the blast initiation process, with the blast energy

being equated to the work done by the product
gases emitted from the tube (or orifice), does not
appear to give the correct description. However,
the later. surface energy model proposed by Lee
[S), where a minimum surface energy is postu-
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Fig. 4. Comparison of the critical tube and orifice diameters as a function of dilution

ratio in CoH4-04-Ng mixtures.
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lated to be required for the evolution of a planar
to a spherical wave, appears to be more compatible
with the present findings.

For the transmission of detonation through ori-
fices with shapes other than circular, a series of
experiments has been carried out for square,
triangular, and elliptical orifices for the two mix-
tures 2Hy + O, + N, for 1 € § S 3.76 and
CaHy + 3(0, + N,) for 1 < 8 < 3 at initial
pressures of 1 atm. Attempts to use the hydraulic
diameter (dy; = 4 X area/wetted perimeter) to
characterize the different geometrical openings
and seek a similar correlation between the critical
hydraulic diameter and the cell size of the mixture
as was done in the case of the circular geometry
(i.e., d¢ = 13}) failed to yield meaningful results,
Figures S and 6 give the critical hydraulic diameter
dy for the Hy and C,H, mixtures for various
values of nitrogen concentration for the square,
triangular, and elliptical orifices. Each group of
points corresponds to the same orifice area, As can
be observed, for the same orifice area, the circular
orifice gives the largest critical hydraulic diameter,
or for the same hydraulic diameter, the circular
orifice requires the most sensitive mixture (i.c.,
the smallest value of B). The triangular orifice
appears to be the most effective in the transmis-
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sion of the detonation for the same value of the
hydraulic diameter, being distinctly more effective
than the square or the elliptical orifices. This
suggests that the critical hydraulic diameter is
geometry dependent. No universal correlation
is observed for the differently shaped orifices,
and the hydraulic diameter does not appear to be
the appropriate correlation parameter to describe
the detonation transmission process. However, it is
found that one can define an effective diameter
deyg based on the mean value of diameter of the
inscribed dy and the circumscribed d4 circles for
each of the geometrical openings [ie., deyy =
(dy + d3)/2], and this effective diameter appears
to follow the same universal empirical law of
degs = 13\ as for the case of the circular orifice
geometry. The results for d,ee/A plotted against
the hydraulic diameter for the three geometries
(i.e., square, triangular, and elliptical orifices) for
both Hy and C,H, mixtures are given in Figs.
7-9. As indicated in these figures, the experi-
fental results show that dgg = 13\ for all the
geometries. That the effective diameter dge =
(dy + d3)/2 is found to be equivalent to the
diameter of a circular orifice suggests that the
reinitiation process depends on the curvature of
the wave front. Upon emerging from the orifice
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(or tube), the planar detonation wave front is sub-
jected to an expansion process. The penetration
of the rarefaction waves toward the axis of the
detonation gives rise to a curved front as the
transformation to an eventual unconfined spheri-
cal detonation takes place. The radius of curvature
depends on the linear dimension of the front as
well as on the geometry. For a circular orifice,
there is only one linear dimension (i.e., the tube or
orifice diameter), and the existence of a critical
diameter indicates a corresponding critical radius
of curvature for successful propagation of the
curved front. For noncircular geometries, there
exist two linear dimensions characterizing the
initial wave front shape, The effective diameter
being the average of the inscribed and circum-
scribed circles gives the appropriate length scale
on which the mean radius of curvature of the
curved detonation front depends. Thus one may
expect a similar correlation of dggy = 13X it a
certain critical radius of curvature is required for
the successful transformation of an eventual
spherical wave. The results for different geometries
and the successful correlation of dgge = 13\ as
explained above are compatible with the conclu-
sions stated earlier that the reinitiation process is
a very local phenomenon, limited to the region in
the immediate vicinity of the detonation front,
with little dependence on the flow structure of the
product gases emitting from the opening or tube.
The key parameter that characterizes the wave
front appears to be the mean curvature, which
depends strongly on the initial geometry of the
detonation front as it exits the orifice and is
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subjected to transverse penetration by the rare-
faction waves.

Generalizing the above discussions to arbitrary
geometries, one may consider, for example, a
polygonally shaped orifice of n sides, with [ being
the length of one side. The hydraulic diameter dy;
for the polygon is thus (Fig. 10) )

44
dy =— =lcot
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The relation between d, s and the hydraulic diam-
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Fig. 10. Schematic illustration of polygon geometry.
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eter dyy; is therefore

_ 1 +cos (n/n)

degs = 2
7 2 cos (n/n) @
Thus if we use the present experimental results
obtained for d.yy = 13X, the critical hydraulic
diameter for the polygonal shaped orifice becomes

2 cos (n/n)

= —————— 13\ 3
1 + cos (n/n) 3

H

For n — oo the above expression yields dy > 13X
for the circular orifice. The general expression
represented by Eq. (3) can now be used to corre-
late the experimental data for the square (n = 4)
and the triangular (n = 3) orifices. Table 1 gives a
comparison between the prediction given by Eq.
(3) and the experimental results. The agreement is
quite good, and it would be of interest to extend
the experiments to pentagonally and hexagonally
shaped orifices to test the general validity of Eq.
(3)-

For the ellipse, the effective diameter is related
to the hydraulic diameter by the expression

1 64—38‘)
-1 o) 2222 ey, @
dett ‘(1+K) <l )(64 1682 H ()

where K = afb is the ratio of the major (a) to the
minor (&) axes and B = (K — 1)/(K + 1). Thus
using the correlation dg¢q = 13A, we obtain for the
critical hydraulic diameter for the ellipse

d S22
H 71+ K)(1 + 1/K)[(64 — 3B4)/(64 — 16B2)]
‘ )
TABLE 1
Experimental
n Configuration Eq. (3) Results
3 Triang'e dy = 8.66A dy =9.02x
4 Square dH =10.8x dH =10.8A
S Pentagon dy=11.6A -
o Circle dy=d,* 13 de =13

Y.K. LIU ET AL.

For g = b (a circular orifice), K= 1,and B=0, the
above expression yields dy = d. = 13A. Table 2
compares the predicted results using Eq. (5) with
experimental data. The agreement is fair and
shows at least the correct qualitative trend of a
decreasing dyy as K increases. Again the general
validity of Eq. (5) requires further experimental
work using elliptical orifices with different values
of K.

Rectangular orifices of different aspect ratios
(L/W = length of slot/width of slot) are of partic-
ular interest since the variation of L/W from one
to infinity gives the continuous transition from
three- to two-dimensional geometry, correspond-
ing to the detonation evolving to a cylindrical
wave. Previous experiments by both Mitrofanov

and Soloukhin (2] and Edwards et al. [3] have:

reported that for square channels W, 2 10A. This
agrees with the present results for the square ori-
fice, where the critical width W, is found to be in
the range 10A < W, S 11X for both the H; and
CaH, mixtures tested. Results for W /A for values

of L/W ranging from 1 to 15 are shown in Fig. :

11. Also plotted in Fig. 11 are the earlier results
of Bjerketvedt et al. (7], who have performed a
few experiments with both C;H; and CgH,
mixtures for orifices with 1 S L/W < 5. The
results show that W./A decreases from a value
of the order of 10 for L/W = 1 quite rapidly to an
asymptotic value of about 3 for L/W 2 7. In
other words, as one approaches the two-dimen-
sional geometry (L/W -+ o), the critical channel
width W, = 3A. This rather surprising observation
has prompted Benedick et al. [9] to perform some
large scaletfield tests in which two-dimensional
channels (instead of rectangular slots) of very large
aspect ratios (L/W - 35) could be used. The recent
results obtained by Benedick for Hj-air mixtures
are also plotted in Fig. 11, which confirms the

TABLE 2

Experimental
K Configuration Eq. (5) Data
1 Circle dy =de = 13X de=13A
2 Ellipse dp=11.2a dy =106
3 Ellipse dy=9.2) -
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asymptotic limit value of W,/A = 3 that has been
obtained in the present study using slot orifices.

To attempt to explain all these observed
detonation transmission phenomena, and espe-
cially the surprising result that the critical trans-
mission criterion for rectangular orifices changes
from W./A = 10 for an aspect ratio L/W = |
-(square orifice) to W,/A = 3 for aspect ratios
L/W > 7, one can invoke the recently proposed
wave curvature concept of Lee [10). In the gen-
eral transmission situation, Lee suggests that when
a planar detonation wave propagating in a confining
linear tube or channel emerges suddenly into an
unconfined volume, it is subject to lateral relief
due to the centered expansion wave at the edge of
the opening. The rarefaction waves that are thus
generated penetrate into the wave front, retard the
affected portions, and thereby essentially impose a
curvature on the wave front. He then defines the
critical condition for transmission in terms of a
minimum local radius of curvature of the dif-
fracted wave, namely: If the rarefaction waves
give rise to a curvature k of the diffracted detona-
tion wave exceeding a certain critical value, then
failure of the wave results.

For example, this critical curvature can be
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determined in the three-dimensional case—say, for
the critical tube diameter situation—and the

d. = 13A correlation can then be explained. Con- .

sider a planar detonation wave characterized by a
hydrodynamic thickness 4, emerging through the
tube opening into the unconfined environment.
The hydrodynamic thickness Ay represents the
¢quivalent thickness of a ‘“one-dimensional”
detonation wave where equilibrium conditions
prevail at the C-J plane situated at a distance of
one hydrodynamic thickness from the leading
front. The hydrodynamic thickness, as reported
by Vasiliev et al. [11] and Edwards et al, {12},
ranges from about 3 to $ cell lengths in extent.
Taking the observed relation between the cell
length ! and the cell width A as I =~ 1.6\ gives Ay
equal to about 5-8 cell widths A. Taking an aver-
age value, one can rejate Ay and A as &y = 6.5A.
With regard to transmission, it is plausible to
postulate that if the rarefaction waves do not reach
the core of the fully exposed wave (i.e., Ay thick)
by the time the wave has propagated a distance
Ay, then the detonation wave will survive. In
other words, for successful transmission the
detoniation must have an unattenuated portion at
least of the order of one hydrodynamic thick-
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ness. This is compatible with the concept advanced
by Urtiew and Tarver [13] of an unattenuated
core. For the unattenuated detonation core to be
of the order of Ay = 6.5\ (as contrasted with
\,2, proposed by Urtiew on the basis that the core
represents the minimum constant area tube diam-
eter), the detonation front would have to propa-
gate a distance of 2Ay. In other words, this im-
plies that the wave Ay thick having traveled the
distance Ay is now 24y beyond the tube exit and
that it has traversed this distance by traveling at
the C-J velocity D. Therefore, the time of detona-
tion travel rp beyond the tube exit can be written
as 7p = 248y/D. On the other hand, the time for
the radial penetration of the rarefaction waves is
TR = d./(2/cy), where ¢, is the acoustic speed in
the product gases. Thus, the criterion for success-
ful transmission is that 7p must be just less than
7R, Or in the limit 7 = rx, which leads to

2804 d.

D 2C1

For most detonable mixtures D = 2cy, hence d, =
24y, and therefore 4. = 13X, which is in perfect
agreement with experiment. It follows that the
local radius of curvature at the forward tip of the
diffracted wave is R = Ay =d./2 = 6.5\ and can
be taken as representative of the curvature im-
posed by a three-dimensional expansion.

Analogous reasoning would be applicable to,
say, a square orifice with some equivalent radius of
curvature proportional to the average of the mini-
mum and maximum radial dimensions of the
square opening,

W+\2W d
R=l __\L__ = et = 6.5),
2 2 2

which immediately yields W /A = 10.8, which is in
accord with the present experimental results an
and the results of Mitrofanov [2]) and Edwards
i3].

l ]One can extend the above arguments to the
two-dimensional case. In the case of the rectang-
ular orifice of large aspect ratio (L/W > 7), the

Y. K. LIU ET AL.

planar wave diffracting through the opening trans-
forms into a cylindrical wave. For the same critical
curvature, by simple geometric considerations,
namely,

dA
dR

B |

"cyl = K:ph =

one can easily show that the radius of curvature
for the equivalent (i.e., same curvature «) cylindri-
cal wave would be one-half that for the spherical
case, so that

Rypn &
Rey1 = 'T"‘ =H=325\=w,

which again is in agreement with the present re-
sults. For the intermediate values of L/W, it is of
interest to see whether the correlation dgge = 132
as given by Eq. (3) for the polygon applies ds well.
For a rectangular slot, the effective diameter is
related to the length L and the width W of the slot
as follows:

detr =% (W+VWE+L7). : (6)

Replacing d¢¢ by 13A, the ratio W,/\ can be ob-
tained:

A 1+ LW+

The above expression gives the limit as L/W = 1
of Wc/A = 10.8 as already discussed for the square
orifice. For the value of L/W = 7, Eq. (7) yields
We/\ = 3.2, which is in accord with the experi-
mental result of L/W = 7, at which point the
approach to the asymptotic value is observed to
occur. Predictions from Eq. (7) are shown by the
dotted line in Fig. 11 and appear to give the cor-
rect trend for the intermediate values of L/W in
the approach to the asymptotic limit. Beyond
L/W = 7, the curve based on Eq. (7) begins to
deviate. This is not surprising as now two-dimen-
sionality is being approached and Eqgs. (6) and (7)
are only valid in the context of the three-dimen-
sional geometry.
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4. CONCLUSIONS

The present study of the transmission of a planar
detonation from orifices of different geometrical
shapes into an unconfined medium has yielded a
number of interesting results. The fact that the
transmission through an orifice (where the reflected
detonation from the orifice plate gives rise to
higher stagnation pressures and hence influences
the structure of the downstream flow) has the
same requirement as that from a straight tube
indicates that the reinitiation phenomenon is a
very local process, occurring in the immediate
vicinity of the detonation front itself. Thus,
properties at the wave front (such as the wave
curvature) play a more important role than the
gas dynamic processes of the product gases in the
wake. The results for the transmission through
different geometrically shaped orifices lead to the
concept of an effective diameter d,ge, which is
the mean value of the longest and shortest charac-
teristic dimensions of the orifice. The universal
correlation based on this effective diameter
degs = 13X suggests that the ability of a detona-
tion to evolve without a failure requires a certain
minimum limit for the wave front curvature. In
other words, as the wave emerges from the tube or
orifice and is subjected to lateral expansion, the
initially planar front will become curved as the
rarefaction waves penetrate into the core of the
detonation. Failure occurs when the mean curva-
ture of the attenuating detonation exceeds a cer-
tain limit. The mean curvature being proportional
to the average linear dimensions of the wave re-
sults in the successful correlation of dggy 2= 13A.
Based on the effective diameter correlation,
formulas have been developed to provide the trans-
mission criteria for arbitrarily shaped orifices (i.e.,
polygonal, elliptical, rectangular), and experi-
mental results agree with these general expressions,
Of particular interest in the present study are the
results of the two-dimensional limit when one
characteristic dimension becomes much larger than
the other. Experiments conclusively indicate that
the two-dimensional limit gives the shorter charac-
teristic dimension a critical limiting value of about
three cell diameters (i.e., W, = 3X). This limiting

225

value becomes independent of the longer dimen-
sion when the ratio L/W R 7. The observed change
in the transmission criterion from W./A = 10 for
the square orifice to W,./A = 3 for a rectangular
orifice of large aspect ratio (L/W > 7) can be ex-
plained in terms of the recently proposed wave
curvature model of Lee. Lee's model postulates
a minimum critical wave curvature criterion for
transmission. Since for the same curvature the
associated radius of curvature is less for a cylindri-
cal wave than a spherical wave, such direct geo-
metric considerations clearly confirm the experi-
mentally observed effects. ’
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LARGE-SCALE EXPERIMENTS ON THE TRANSMISSION OF FUEL-AIR DETONATIONS
FROM TWO-RIMENSIONAL CHANNELSY*

W. B. Benedick
Sandia National Laboratories
Albuquerque, New Mexico 87185

and

R. Knystautas and John H. §. Lee
Mechanical Engineering Department

McGill Universit
Montreal, Canada

ABSTRACT

Results of large-scale experiments on the transmission of
hydrogen-air and ethylene-air detonations from a two-dimensional
channel into a large volume are reported. These data cohfirm the
surprising observations of Liu et al. who reported recent laboratory-
scale results which indicate that successful transmission of &
detonation emerging from a rectangular orifice with a large aspect
ratio L/W > 5, requires that the minimum width of the channel need
be only about three deténation cell diameters, i.e. W, =~ 3A. These

results are surprising in view of the previous findings of Soloukhin

and Edwards, where for square channels (L/W = 1), they observead that
Wo =~ 10A.
The apparatus for the large-scale experiments consisted of a

two-dimensional confined channel (1.83 m wide x 2.44 m long) with

S| DRI

a variable width orifice, to the end of which was attached an in-

flated polyethylene bag of much larger dimensions to provide an un-

confined environment for detonation transmission. Observations were

* I
Presented at the gth International Colloquium- on Dynamics of Explosion

and Reactive Systems, Poitiers, France, July 1983
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made with high speed cinematography and with smoked foils to measure

Il the detonation cell size. Our resul_ts indicate that a minimum chan- ;
L. " nel width of 3\ is required for successful transmission from channels y
E e whose aspect ratios varied from 34 to 8. For channel aspect ratios

i. of less than about 8, the minimum channel width for successful

. detonation transmission increases continuously from 3\ to 10\ as !

the aspect ratio approaches 1.
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INTRODUCTION

During the past few years, there have been many investigations
to determine the critical tube diaméter for the transmission of
confined planar detonations to unconfined spherical detonations.
Both laboratory experiments (Matsui and Lee 1978; Knystautas et al.
1982) as well as large scale field tests have been carried out for
a variety of hydrocarbon-air and oxygen enriched mixtures over a
range of initial pressures*. The importance of the critical tube
diameter is that it is directly related to the dynamic detonation
parameters such as critical initiation energy and detonability
limits (Lee et al. 1982). Knowledge of the critical tube diameter
permits these important dynamic parameters of the explosive to be
estimated. The critical tube diameter, d,, is also found to be
directly related tc the cell size, A, of the detonation front via
the simple empirical formula, d, = 13 A. This observation was first
made by Mitrofanov and Soloukhin (1965) who observed that for low
pressure acetylene-oxygen detonations in circular tube, d, = 13A\.
The significance of this went unnoticed until Edwards et al.

(1979) repeated the experiments, confirmed the results and suggested
that the law should be valid for other gas mixtures. Subsequently,
there have been a number of experimental demonstrations of the
validity of this simple empirical law for many different fuel-
oxidizer combinations at various initial pressures. Despite the
fundamental significance and simplicity of this empirical law, no

theoretical justification has appeared. However, -extensive

*See Guirao (1982), Moen (1982) and Rinnan-(1982).
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calculations by Westbrook and Urtiew show a strong correlation
ﬁ between the critical tube diameter (or equivalently the cell size)

and the reaction zone thickness as dé;ermined by the detailed
L kinetics of the oxidation process*.

To test the range of validity of this simple empirical law,
experiments have been carried out recently by Liu et al. (1983)
for detonation transmission through orifices of different geometries.
They found that the transmission through an orifice is identical
to that through a tube of the same cross-sectional area. For the
two-dimensional case of a rectangular orifice of large aspect
ratio (i.e., L/W > 5), Liu obtained the rather surprising result
that the critical channel width W, for transmission is only
about three cell diameters. This result is in disagreement with
that reported by Mitrofanov and Soloukhin (1965), as well as
Edwards et al. (1979) who gave Wo = 10 A for the two-dimensional
case. However, both Soloukhin's and Edwards' experiments were

based on square channels, whereas Liu's two-dimensional orifice

experiments covered a range of aspect ratios 1 < L/W < 15. For

t; L/W =1, Liu's results agree with Mitrofanov and Soloukhin (1965)
and Edwards et al. (1979), W, = 10 A.

r Due to the fundamental significance of this two-dimensional
result reported by Liu, we felt it was desirable to perform large-
scale experiments to confirm that Wg = 3 A. Whereas Liu's

- experiments were based on rectangular orifice plates of a maximum

L/W 15, two-dimensional channels with large aspect ratios (e.g.,

F; L/W
*See Westbrook, (1982), Westbrook and Urtiew (1982), Westbrook and o
Urtiew (1982), Westbrook (1980).

]

30) can readily be used in field experiments to give a truly
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two-dimensional geometry. The present paper reports the results
of a series of such field tests recently carried out at Sandia
National Laboratories (New Mexico) to verify the empirical law
We = 3.

EXPERIMENTAL METHOD

The experimental detonation channel consisted of two 25 mm
thick steel plates 1.83 m wide and 2.44 m long. The channel width
W (the spacing between the plates) was varied by using four spacer
blocks placed at each of the four corners of the plates (Fig. 1la).
One of the side walls of the channel is covered by a sheet of
clear plastic to permit photographic observations of the detonation
propagation in the channel, while the opposite side wall of the
channel is covered by a plywood sheet. The closed end of the chan-
nel was also covered by a sheet of plywood onto which are tapea
thin strips of sheet explosive for initiating the gas detonation.
The quantity of strip explosive ranged from 50 to 140g depending
upon the width of the channel. The high explosive strips are
centrally initiated by an exploding bridgewire detonator. The
plastic and plywood side walls and the initiation end of the channel
are blown off during the experiment and have to be replaced for
each test. The open end of the channel is connected.to a large
plastic bag fabricated from 100 um thick polyethylené sheets which
are taped to the steel plates. The plastic bag was about 3.5 m in
length. The filling procedure is to first retract the entire
plastic bag into the channel by removing almost all of the air in
the system with a vacuum pump; then a premixed hydrogen: air mixture
is introduced from a large underground storage tank. The plastic

bag is extruded from the channel as the system is being filled
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with the explosive gas mixture. The final pressure in the system
is slightly above ambient so that the plastic bag remains taut.

On windy days or when the hydrogen éopcentration is rich enough
such that the buoyancy of the bag is significant, thin nylon ropes
are used to anchor the plastic bag in the horizontal position.

The detonation channel is located on a thick concrete pad with the
plates extended 0.55 m over the edge of the slab to allow room for
the inflated plastic bag. The only diagnostic was high-speed
cinematograpiy. Detonation velocity as well as successful transmis-
sion or failure can be discerned quite readily from the movie
record. Hydrogen-air and ethylene-air mixtures have been used and
the desired composition was established in the mixing tank by the
method of partial pressures. To measure the detonation cell size,
soot was deposited on a thin aluminum sheet by a welding torch
burning rich mixtures of MAPP (methyl acetylene, propadiene, pro-
pane, butane and propylene) and oxygen. The smoked aluminum shee
was then taped to the bottom steel plate of the channel. We found
that the smoked sheet remains in place during the test and the cell
size could be determined from it after the top plate of the channel

was removed following the detonation.

RESULTS
For the case of hydrogen-air mixtures, the cell size A as
determined from the smoked aluminum sheets placed in the two-
dimensional detonation channel is plotted against hydrogen-concen-
tration i1n Fig. 2. Also shown for comparison are the results for

A obtained at McGill by Knystautas et al. (1982) a circular tube
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of 300 mm diameter. For the same hydrogen-air mixture, the present
data for A are generally slightly larger than the corresponding
values obtained at McGill (solid liﬁe?. The slight discrepancy

may be accounted for by the difference in the anmbient pressures
between Albuquerque (~ 1600 m altitude) and Montreal (~ 100

m). Since the cell size is directly proportional to the induction
time which is inversely proportional to the initial pressure, the

McGill results can be scaled to the lower anbient pressure of

Albuquerque, i.e.,

PMontreal
Mlbuquerque = § Montreal
Albuquerque
Using this correction, there is better agreement between measured i

cell sizes and the rescaled McGill data (shown as the dotted curve).

Rich mixtures of hydrogen-air were not used in the present series

of experiments since the objective was only to verify the empirical
law W, = 3 A for two-dimensional channels. Extensive experiments
have already been carried out for the rich hydrogen-air mixtures for
circular tubes and have been reported previously Guirao (1982).
It should be noted that the cell size is indicative of the rate
processes in the complex detonation structure and is a very useful
parameter. Detonation velocities deduced from the high speed
movies were in agreement with the Chapman-Jouguet values within
our estimated experimental error.

The normalized critical channel height W./\ measured in
the present experiments is plotted against the aspect ratio of the
channel L/W in Fig. 3. Note that for large aspect ratios,
L/W > 10, the present results give a value Wo/A = 3 in approximate

agreement with the results obtained by Liu using rectangular
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orifices instead of a full two-dimensional channel. Experiments
with aspect ratios up to 35 yield the same value for W, = 3.
Using different hydrogen concentrations and hence different \'s
and different Chapman-Jouguet states,.also gives the same results,
Wo/A = 3. This observation indicates that the critical channel
height W, scales according to the cell size A, and within the
present experimental accuracy does not depend explicitly on the
Chapman-Jouguet states. Several experiments were also carried

out for 6% ethylene-air mixtures with aspect ratio of 14.5 - 18.5.

The result Wo/A = 3 was obtained for ethylene as well, reinforcing
our conjecture that the scaling law for channels is based only on
the cell size A as has been demonstrated in the case of circular
tubes (Knystautas et al. 1982).

In the present two-dimensional geometry, it was also possible

to test the symmetry of the transmission process about the centerline
of the channel. By retracting the top plate of the channel relative

to the bottom plate so that the emergent detonation is supported by

"

| DI

-

- i

one plane, we constructed a half channel (Fig. 1lb). By symmetry,

transmission should now be possible for a spacing between the plates

corresponding to only 1.5 A. Several experiments were conducted

using 20 - 20.5% hydrogen-air mixtures with channel widths from 10

to 10.5 cm and a channel length of 1.82 m, yielding 17.5 < L/W < 18.2.

The go - no go results bracketed a critical spacing between the

plates of close to 1.5 A, confirming that the two-dimensional

transmission mechanism is symmetrical about the channél centerline.
For aspect ratios L/W : 8, the present results indicate that

the value for Wo/A rises sharply. A similar trend was also obtained
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by Liu for the case of transmission through rectangular orifices,
but the increase does not occur until L/W N 5. Why three-dimensional
effects begin to become important aﬁ.;arger aspect ratios for the
channel than for the orifice plates has not been resolved. Other
than this discrepancy, the present channel experiments are in
qualitative agreement with the rectangular orifice plate experiments
of Liu.

To explain the surprising result that the critical condition
for the successful transmission of detonation changes from W, = 10\
for a square channel to W, = 3A for a rectangular channel of large
aspect ratio (L/W > 8), one can invoke the wave curvature concept
proposed recently by Lee et al. (1984). Lee's arguments suggest that
when a planar detonation wave propagating in a confining linear
tube or channel emerges suddenly into an unconfined geometry, it
is subject to a gas dynamic expansion process by virtue of the
rarefaction waves that are generated at the edge which then pene-
trate into the wave front and impose a curvature on the wave. He
then defines the critical condition for transmission in terms of
the minimum radius of curvature of the diffracted wave, namely:
if the rarefaction waves give rise to a curvature of the diffracted
detonation exceeding a certain critical value, then failure of the
wave results. For a three-dimensional diffraction process the
minimum radius of curvature would be of the order of the hydro-
dynamic thickness Ay so that R = Ay = 6.5\A. Thus for the dif-
fraction of detonation through a square opening, the expansion
process is three-dimensional and the curvature imposed on the dif-

fracting wave would be spherical in nature corresponding to sone
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effective radius of curvature related to the average of the mini-

mun and maximum dimensions of the square opening Re«(W+/2W)/2.

" Liu et al. (1983) has shown that for this case W, »~ 10\ in agree-

ment with the experimental results of Soloukhin (1965) and Edwards
(1979).

For rectangular channels of high aspect ratio (L/W>8); the
planar wave diffracting through the opening transforms into a
cylindrical wave. For the same critical curvature, by simple
geometric considerations, namely that Kcyl = Ksph = (1L/A)dA /&R
one can show that the radius of curvature for the cylindrical wave
would be one half that for the spherical case so that Rcyl =
Rsph/2=AH/2 = 3.25) which is in agreement with the present experi-
mental results.

CONCLUSION

The present series of large scale tests confirm the smaller
laboratory experiments of Liu et al. that transmission from confined
planar detonations to unconfined cylindrical detonations requires
a critical channel height of only about three cell diameters.
Furthermore, the channel results are almost identical to the results
from a rectangular orifice. This suggests that the re-initiation
mechanism is very local and does not depend strongly on the flow
structure of the product gas emerging into confined space behind
the leading front. The onset of three-dimensional effects at

surprisingly large aspect ratios (i.e., L/W = 5) suggests that

quenching by the rarefaction waves may not be a dominant mechanism.
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- FIGURE CAPTIONS
.. Fig. 1 Two-dimensional channel apparatus with:
=L
L
(a) unconfined exit plane
-~
v (b) one degree of confinement at the exit plane.
E: Fig. 2 Detonation cell size measured in Montreal,
normalized for lower ambient pressure in
Y
Lj Albugquerque, and as measured in channel
. experiments in Albuguerque, all as a function
h of Hy:Air mixture.
-
4 Fig. 3 Critical channel width normalized to detonation

cell size, Wc/\A, as a function of the channel as-
pect ratio, L/W, for detonations emerging from the
exit plane of the channel into an unconfined
volume. The data point 3A/2 is for detonation

supported by one plane after exiting the channel.
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DIFFRACTION OF DETONATION FROM TUBES INTO A LARGE FUEL-
AIR EXPLOSIVE CLOUD
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Ralston, Alberta, Canada
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Norwegian Defence Construction Services
Akershus, Oslo, Norway

2
N . e e
<, st el TR

AND
R. KNYSTAUTAS anp J. H. LEE

McGill University
Montreal, Canada

This paper reports on a series of field tests performed at the Canadian Defence Research
Establishment Suffield and at Raufoss, Norway, to obtain the critical tube diameter, d,, for
ethyvlene-air mixtures by investigating the diffraction of detonations from tubes into large
plastic bags simulating an unconfined fuel-air cloud. The critical ethylene-air compositions R R
for successful re-establishment of detonation upon emerging from tubes of diameters 0.31 T ‘i
m, 0.43 m, 0.89 m and 1.36 m were determined by monitoring the diffracted detonation
wave in the bag. High-speed cinematography of the diffracted wave shows that re-establish-
ment of detonation is via one or more re-ignition centres at sites along the head of the e
expansion wave which originates at the area change. The characteristic transverse wave spac-
ings, S, associated with the detonations were measured from smoked foils mounted in the
tubes. These measurements demonstrate that the empirical relation d, = 13 S provides a
good correlation between the critical tube diameter and the cell size over a wide range of
ethylene-air compositions. However, a better understanding of the coupled chemical-gas-
dvnamic processes within the cell is required in order to clarify the link between cell size
and chemical kinetics.
In addition to the open tube tests, transmission of detonations through circular orifice
holes was investigated in both etkylene-air and acetylene-air mixtures. Based on these tests
it was concluded that the critical tube and critical orifice diameters are equal.

st

«

1. Introduction The mechanism by which the transverse waves
are excited and maintained is not completely
understood, However, the recent detailed obser-
vations on the gasdvna