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ABSTRACT

Re-initiation of gaseous C-J detonation waves across a
region of air has been studied experimentally. The
experimental apparatus consisted of a 9 meter long square
tube with internal dimensions of 125 mm. The Random Choice
Method ( RCM ) was used to predict the non-isentropic
expansion behind a detonation wave and the shock
transmission into an inert gas. Good agreement between
numerical and experimental results was obtained. With an
inert air gap of 0.1-0.2 m, detonation re-initiation
occurred in acetylene-air . However under similar
conditions detonation failed to re-initiate in ethylen-air

. The re-initiation process did not occur instantaneously,
but was characterized by a delay. The governing parameters
for re-initiation were the C-J properties in the donor
section, width of the inert region and the reactivity of the
gas mixture in the acceptor section. The re-initiation
process was also influenced by the sharpness of the inert
region boundary, heat transfer and friction to the tube wall
and by some other wall effects, likely due to soot on the
tube wall.
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CHAPTER 1

INTRODUCTION

BACKGROUND

Accidental gas explosions such as that at Flixborough in
1974 shows the seriousness of such incidents. At
Flixborough a process plant was destroyed and 28 people were
killed. The losses were estimated at £36 million (Langseth,
1980).

The increase in the frequency of accidental explosions over
the past decades and the potential for accidents such as
that at Flixborough have made society conscious of the
danger associated with handling, storing and transporting
large quantities of potentially explosive fuels. As a
result, great efforts are being made to lower the hazard
potential. To lower the frequency and the impact of gas
cloud explosions in the future a better theoretical and
practical understanding of the phenomena involved is
required.

Detonation of gas clouds is one area where better
understanding is required. Detonations are the most
devastating form of gas explosions. In many scenarios
detonations have been regarded as not likely to happen.
However, some recent experiments have clearly shown that
occurrence of detonations are much more likely than
previously assumed (Geiger, 1983; Pfdértner et al., 1984;
Moen et al., 1985b). The damage potential of a gas cloud is
strongly related to the possibility of initiation and
propagation of a detonation wave in the cloud.
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It is therefore important to establish the conditions for
detonation to initiate and to propagate. These phenomena
are not fully understood at the present time.

Studies of gaseous detonation also have military relevance.
Fuel-Air Explosive (FAE) weapons disperse the fuel to create
an explosive gas cloud which is subsequently detonated. To
protect against such FAE weapons, the conditions for
propagation and quenching of detonations must be
characterized.

This study is a fundamental study of detonation propagation
in gas clouds with concentration variations. Specifically,
re-initiation of detonation across an inert region is
investigated experimentally and theoretically.

~D I |
E P
0 | |
i ! 1
T |/DONOR SECTION! INERT SECTION | ACCEPTOR SECTION
-1 | |
o
=~ FUEL - AIR ! AIR I FUEL - AIR
| |
—W
A ' I
i 4 ! |
E | |
Figure 1.1

Illustration of the geometrical configuration for
re-initiation of detonation across and inert region.
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The geometrical configuration which is studied in the
present work is illustrated in Figure 1.1. Two sections,
the donor and acceptor sections,both containing a detonable
fuel-air mixture, are separated by a section of air. A
detonation wave is initiated in the donor section. Since
the detonation wave is a supersonic combustion wave, the gas
ahead of the wave is not disturbed. When the detonation
wave reaches the air interface, a shock wave is transmitted
into the inert section. When this shock wave propagates
into the detonable mixture in the acceptor section, the
mixture is ignited, and under certain conditions, the
detonation is re-established.

The aim of this study is to determine the effect of a sudden
disturbance, in the form of an inert region in the cloud, on
the propagation of a detonation wave. The main question to
be answered is, for what conditions will a detonation
transmit through an inert region and re-initiate in a
neighbouring detonable cloud. An experimental study is
required because at the present time the effect of such a
disturbance on a detonation wave cannot be predicted
theoretically.

The present investigation is related to practical situations
such as detonation propagation in a real gas cloud and as
means of stopping detonations. In a real gas cloud there
will be inhomogenities in the fuel concentration due to the
dispersion process. Parts of the cloud will consist of
regions where the mixture is too lean or too rich in fuel to
detonate. These inhomogenities may prevent a detonation
from propagating through the cloud and thereby reduce the
damage potential of the cloud. Although the experiments are
done under idealized conditions and in a simple geometric
configuration, the results are of practical importance. It
is necessary to understand the transmission process under
such idealized conditions in order to be able to determine
the effect of inhomogenities in real clouds.
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Gas clouds are able to diffuse into installations via
ventilation systems, tunnels, etc. When the gas cloud
detonates, it can destroy the installations by an internal
explosion. One suggested method to stop a detonation in an
installation or other confined situations, is to use an
artifical inert plug. The concept is that the inert plug
stops the detonation so that other more conventional means
such as water sprays can be used to quench the flame. The
present investigation on re-initiation of detonation across
inert regions is directly applicable to this method of
stopping detonations from penetrating protected
installations.

This program started in 1981. An experimental apparatus was
designed based on a proposal from Prof. R.A. Strehlow
(1980). The apparatus was installed in the laboratory of
Division of Heat and Combustion Engineering at The Norwegian
Institute of Technology (NIT) in Trondheim.

OBJECTIVES

The objectives of this investigation is to study
experimentally re-initiation of detonation using the
configuration shown in Fiqure 1.1, and then to analyze the
results using numerical and analytical calculations and
empirical correlations.

The investigation is mainly of an experimental nature. The
experiments were performed in a detonation tube and the :
experimental conditions were varied by changing the width of
the inert section and the reactivity and detonation
properties of the gas mixture in the donor and acceptor
sections.
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To get an overview of the different processes involved in
re-initiation of detonation across an inert region, it is
necessary to characterize the following phenomena; a)
detonation propagation in the donor section, b) transmission
of the shock wave into the inert region and decay of the
shock wave, c¢) re-establishment of detonation in the
acceptor section. To achieve these objectives, three
different experimental investigations are undertaken:

- detonation propagation in a homogeneous gas mixture,
- detonation propagation into an inert gas,
- re-initiation of detonation across an inert region.

The first two experimental test series are performed in
order to characterize the conditions in the donor section
and the strength of the shock wave entering the neighbouring
explosive cloud. These studies were supported by numerical
and analytical calculations. Detailed comparisons between
experimental results and theoretical calculations provided a
good characterization of the experimental conditions, in
particular the relevant wall effects were determined.

The re-initiation experiments were conducted to establish
the influence of the following parameters on the
re-initiation process:

- Detonation structure and the average properties of
detonation in the donor section.
- Width of the inert section.

= Reactivity of the gas in the acceptor section.
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ORGANIZATION OF REPORT

In Chapter 2 related literature and previous investigations
are reviewed. Theories and fundamental concept used in this
investigation are analysed, and the requirements for the
present investigation are discussed. The numerical codes
used in this study is described in Chapter 3. The
experimental test facility and test program are described in
Chapter 4. The experimental results are discussed and
compared with numerical results in Chapter 5. Chapter 6
contains the conclusions and recommendations for further

work.
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CHAPTER 2

REVIEW OF RELATED MATERIAL AND STRATEGY FOR PRESENT
INVESTIGATION

INTRODUCTION

The purpose of this chapter is to give a description of the
phenomena involved in re-initiation of detonation across an
inert region based on previous related experiments and known
theories about detonations and further to describe various

definitions and expressions to be used later in this report.

Figure 2.1 shows an illustration of re-initiation of
detonation across an inert region on a time-distance
diagram. The test sections with the different gas mixtures,
as shown in Figure 1.1, are named donor section, inert
section and acceptor section. 1In a re-initiation
experiment, the donor and acceptor sections are filled with
an explosive fuel-air mixture and the inert section with
pure air. The interface between the donor and inert section
igs referred to as Interface I, and the interface between the
inert and acceptor section is referred to as Interface II.

The detonation starts from the origin and propagates with
constant velocity through the donor section. The position
of the detonation front as a function of time is given by
the straight line. The velocity of the detonation is
inversely proportional to the slope of this line. The
nature of the detonation wave and its propagation in the
donor section are described in Sections 2.2 and 2.3,
respectively.
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CONTACT SURFACES

TIME

RE-INITIATION OF
DETONATION WAVE

INTERFACE II

SHOCK WAVE

__ INTERFACE 1
s i
DETONATION WAVE

- - —
DONOR — !NERT | ACCEPTOR
-SECTION SECTION SECTION
DISTANCE
Figure 2.1

Time distance diagram showing the trajectories of the
wave front and contact surfaces for re-initiation of
detonation across an inert region.

When the detonation wave reaches Interface I, the
reaction will end,

chemical

and a shock wave will transmit into the

inert section. 1In Section 2.3, the refraction of the

detonation into the inert region and the decay of the shock

wave in the inert section are discussed.

When the shock wave crosses Interface II,

the shocked gas is
again chemically reactive.

The increase in temperature
caused by shock compression will therefore trigger the
chemical reactions if the shock wave is strong enough.

Depending on the strength of the shock wave, the reactivity

of the gas mixture and the boundary conditions, the

detonation wave may be re-established in the acceptor

section. This means that the chemical reaction zone and the

shock wave couple to form a new detonation wave.
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In Section 2.5 a mechanism for onset of detonation is
described. This mechanism is relevant to the reinitiation
process in the acceptor section.

Section 2.6 gives an overview of previous experiments
concerned with detonation transmission across an inert
region.

The motivation and investigation strategy for this
investigation are discussed in Section 2.7.

GASEOUS DETONATIONS

This section gives a general description of detonation
waves. Properties and expressions used later are defined.
Two one dimensional models are described, namely C-J and ZND
models. The structure of the detonation wave is discussed
and related to other detonability parameters such as
critical tube diameter and induction time.

One-dimensional models

The propagation velocity of detonation can be predicted
based on the one-dimensional Chapman-Jouguet (C-J) theory.
The C-J theory treats the detonation wave as a steady
mathematical discontinuity with infinite reaction rate. The
conservation equations for mass, momentum and energy across
a steady wave gives a unique solution for the detonation
velocity, known as the C-J velocity. An approximate
expression for the detonation velocity D is (Fickett and
Davis, 1979):

D = Y2(v2-1)Q : (2.1)

where Yy is the ratio of the specific heats and Q the heat
of reaction. For stoichiometric fuel-air mixtures, the
detonation velocity is about 1800 m/s.
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The C-J theory assumes that the detonation velocity is
independent of chemical reaction rates and that the chemical
energy is released instantaneously. When the wave
propagates at C-J velocity, the velocity of the reaction
products relative to the wave, is equal to the local speed
of sound. The properties of the reaction products are known
as C-J properties. Numerical codes are available for
calculating the C-J properties (Gordon and McBride, 1976).
The pressure ratio across a C-J wave is about 18 for
stoichiometric fuel-air. 1In the C-J solution it is assumed
that the wave is not supported from behind. For unsupported
detonation waves not influenced by physical boundaries, the
measured detonation velocities agree within a few percent
with the C-J values (Strehlow, 1984).

For a detonation velocity larger than the C-J velocity,
there exists two solutions of the conservation equations,
the weak and strong solutions. The strong solutions is also
known as an overdriven detonation. The flow behind an
overdriven wave is subsonic and the pressure is higher than
C-J pressure. The wave is supported from behind. An
overdriven detonation is of pracficaliinterest, since a
detonation is normally overdriven in the first stage after

initiation.

The weak solutions gives supersonic velocities behind the
wave and the pressure is lower than the C-J pressure. Some
experiments indicate that weak solutions exists for
unsupported detonation waves (Fickett and Davis, 1979).
Since the weak solution is very close to the C-J solution,
it is difficult to draw any definite conclusion on the
existence of weak detonations from availiable experimental

results.

The Zeldovich, von Neumann and Doering model or the ZND
model (Zeldovich and Kompaneets, 1960; Strehlow, 1984)
describes a detonation wave as a shock wave followed by a
reaction zone. The chemical reaction is triggered by the
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increas in temperature due to shock compression. This is a
more physically correct view than the assumption of infinite
reaction rate made in the C-J theory. The thickness of the
shock wave is about one mean free path, however, the
chemical reaction requires a large number of collisions to
be completed (Zeldovich and Kompaneets, 1960). The shock
wave propagates at C-J velocity and the pressure behind the
shock wave is known as the von Neumann spike. For
stoichiometric fuel-air the von Neumann spike is about twice
the C-J pressure. The ZND model gives the same solution as
the C-J theory for the detonation velocity and the end state
of reaction products. The only difference between the two
models is the thickness of the wave. The plane where the
reaction is completed and the flow relative to the wave
front is sonic, is called the C-J plane. The thickness of
the wave, the distance from shock wave to the C-J plane,
depends on chemical kinetics of gas mixture. For most
fuel-air mixures, the reaction zone consists of a long
induction zone where pressure and temperature are nearly
constant followed by a short recombination zone where the
chemical energy is released. The structure of the ZND wave
is shown schematically in Figure 2.2.

C-J PLANE Sk 194 SHOCK WAVE

DIRECTION OF PROPAGATION

OF DETONATION

INDUCTION LENGTH A

REACTION ZONE

Figure 2.2
Sketch illustrating the ZND-wave structure.
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Westbrook and Urtiew (1984) used numerical calculations of
chemical kinetics to calculate induction time Tt and the
induction length A. They used the ZND model to obtain
post shock condition (von Neumann spike) and assumed
constant volume process over the reaction time. The
induction length ,A, can be considered as a characteristic
length scale for the idealized one-dimensional detonation
wave. It decreases with increasing chemical reactivity.

2.2.2 Detonation structure

Experiments have shown that a real detonation wave has a
three-dimensional wave structure. The leading shock
consists of curved shock segments. At the detachment lines
between these shock segments, three shock waves interact in
a Mach stem configuration. The wave structure is

illustrated in Figure 2.3.

TRIPLE POINT TRAJECTORY

DIRECTION OF PROPAGATION

T

OF DETONATION

Le '

Fiqure 2.3
2-dipensional illustration of the detonation wave
structure. The incident shocks I, the Mach stems M and
the transverse waves T formes tripel points.
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In this two-dimensional illustration, the detachment lines
between shock segments are seen as triple points. The waves
in a Mach stem configuration are the incident shock I, the
Mach stem M and the transverse wave T. The shock segments
have cyclic behaviour. They start out as Mach stems with a
velocity which is initally about 1.6 times the C-J

velocity. As the shock segments move ahead, their strength
decreases and the waves become incident waves. At the end
of a cycle, the wave velocity is about 0.6 times the C-J
velocity (Lee, 1984). The average leading shock velocity is
equal to the C-J velocity. The volume swept over by a shock
segment in one cycle is called a cell. The characteristic
lengths of the cell are the cell size S (i.e., transverse
wave spacing) and the cell length L, as shown in the

figure.

The cell size is approximately 0.6 times the cell length
(Lee, 1984). The cell size depends on the chemical kinetics
and decrease with increasing reactivity. The induction zone
length,A, based on the ZND model, are proportional to the
cell size (Westbrook and Urtiew, 1984). It is likely that
cell size represent a length scale characterizing of the
overall chemical reaction within a cell (Lee,1984). There
exists no satisfactory theory describing the cyclic process
of the detonation wave. It appears from experiments
(Libouton el al., 1981) that the formation of wave structure
is due to a reinitiation process near the end of the cell.

When a detonation wave passes over a specially prepared
surface covered with soot, called a smoked foil, a print of
the cell is displayed. The soot is removed by the triple
points and the trajectory of triple points are seen as
"figsh-scale" pattern on smoked foil. The reqularity of this
pattern (i.e. the wave structure ) depends strongly on the
mixture (Strehlow, 1969 and Libouton et al., 1981). For
fuel-air mixture the wave structure is irreqular with a
substructure of weak transverse waves (Moen et al., 1985).
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A typical example of a smoke foil with irregular cell
pattern and substructure is shown in Figqure 2.4 a) (Moen et
al., 1982). To measure the cell size from irregular cell
patterns involves some judgement, since there is
considerable variations of the cell size on a smoked foil.
Interpretation of a smoked foil record is shown in

Figure 2.4 b)

5~ ﬂﬁ WE L 760 00

b) INTERPRETATION OF SMOKED FOIL RECORD

Figure 2.4

Typical celluar structure of detonations in fuel-air
mixtures ( 4.6 % C2H4-Ait Yo
a) Smoked foil record.

b) Interpretation of smoked foil record.
(Moen et al., 1982.)
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Figure 2.5 (Moen, 1985) shows cell size measurements in
acetylene-air and ethylene-air from several investigations.
The cell size is plotted as a function of the equivalence
ratio ¢, where ® is the actual fuel-air ratio divided by

the stoichiometric fuel-air ratio. As seen from this figure
there, are some scatter in the results. For stoichiometric
acetylene-air (& = 1.0) the results vary by about a factor
of two. This scatter is most likely a result of the method
and judgement used by the individual investigators when
measuring the cell size from the smoked foil tracks.

Behind the wave front the transverse waves decay and the
pressure becomes more uniform. Vasiliev et al. (1971)
concluded from their experiments that there exists a sonic
plane, i.e., C-J plane behind the the wave front. The C-J
plane was found 3-10 cell lengths downstream from the

front. Edwards et al. (1976) have investigated the decay of
transverse waves behind the wavefront. The oscillation
energy of transverse waves dissipated in about 2 to 4 cell
lengths. They related this length to the thickness of the

wave front.
Critical tube diameter

Previously in this section, two characteristic length scales
were introduced; namely, the induction zone length, A, and
the cell size S. Another characteristical length scale, the
critical tube diameter, dc' will be discussed in this
subsection. The critical tube diameter will later be used
in the analysis of the experimental results as a
characteristic parameter for detonability of the gas mixture.



4579Q — 21.L0 "=

4 C,H4-AIR
i v MOEN et a/. (1982)
e A MOEN etal. (1984)
500 v KNYSTAUTAS et al. (1982)
i A  BULL eral. (1982)
v v BORISOV (1980)
- A& MOEN etal. (1981)
A
200_ v Csz-AIR
® MOEN etal. (1984)
© KNYSTAUTAS et al. (1982)
o ® BULL etal. (1982)
100 Al O KNYSTAUTAS et al. (1984)
'g ]
E w0 v
7] g
wi
N 1 o
7
=
w204
Q
10 &
5.0
—— d¢/13 MOEN et a/. (1984)
2.0
1.0

"04 05 06 07 08 09 10 11 12 13 14 15 16 17 18
EQUIVALENCE RATIO, ¢

Figure 2.5
Measured cell size, s, versus equivalence ratio, ¢.
for acetylene-air and ethylene-air.
(Moen, 1985.)
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The success of transmission of a detonation wave from the
opening of a tube into an unconfined cloud depends on the
gas mixture. The critical tube diameter for a gas mixture
is defined as the smallest tube diameter for which a
detonation wave successfully transmits into an unconfined
cloud from the tube. The critical tube diameter dc is an
experimental parameter. A typical set-up for a large scale
critical tube experiment is shown in Figure 2.6. The tube
and the plastic bag are filled with the same gas mixture.
The detonation is initiated at the end of the tube and
propagates through the tube and expands into the bag. If
the tube diameter is too small, the detonation wave will not
be re-established in the bag. The shock wave and reaction
zone decouples. For tube diameters equal to or larger than
critical tube diameter dc' the detonation wave
re-establishes itself as spherical detonation in the bag.

e P8 Me0fL RIS 03§50 .
= 2.0 mg), D =03m ?( O IGNITION

CRITICAL TUBE — D = 0.35 m

Figure 2.6
Set-up for a large scale critical tube experiment.
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Critical tube results for acetylene-air and ethylene-air as
a function of the equivalence ratio are shown in Figure
2.7. Acetylene (CZHZ) which is the more sensitive of

the two, has the smallest critical tube diameter. The
results are mainly from large scale tests at The Defence
Research Establishment Suffield (DRES), Canada (Moen, 1985)
and at the Norwegian Defence Construction Service test site
at Raufoss, Norway (Jenssen, 1985). These test programs
have demonstrated that dc is a reproducible parameter.

Mitrofanov and Soloukhin (1965) observed that dc = 13 S.
Many experimental results (Knystautas et al., 1982 and 1984;
Moen et al., 1982;:; Ungut et al., 1984) agree with this
simple empirical correlation. For fuel-air mixtures some
discrepancies have been observed (Moen et al., 1984). Some
of these discrepancies can be explained by misinterpretation
of the cell structure. However, recent results raise some
futher questions regarding the 13 S-correlation.

Experiments with stoichiometric CZHZ'OZ and 75% Ar

show that dc range from 13S to 26S (Moen et al., 1985).
Since the cells are very regular for this gas mixture
misinterpretation of cell structure is unlikely.

The question of which parameter should be used to
characterize the detonability of a gas mixture, is a
controversial one. Both the cell size and critical tube
diameter are strongly dependent on the sensitivity of the
gas mixture and represent characteristic length scales. The
new observations by Moen et al. (1984 and 1985) indicate
that the relationship between these two length scales is not
as simple as previously assumed. The cell size seems to be
a fundamental property of the detonation (Lee, 1984). The
disadvantage of using the cell size is that it is not a
well-defined parameter for less sensitive mixtures such as
fuel-air mixtures. For the same gas mixture different cell
sizes are measured in different investigations.
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The critical tube diameter is more reproducible than the
cell size and is therefore more practical to use for
characterizing and comparing the sensivity of gas mixtures

to detonation.
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Figure 2.7
Critical tube diameter, dc' versus the equivalence
ratio, ¢, for acetylene-air and ethylene-air.
(Moen, 1985.)
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DETONATION PROPAGATION AND FLOW IN DONOR SECTION

This section describes the conditions when the detonation
propagates through the donor section. The present
experiments were performed in a tube, and the influence of
confinement on the detonation is discussed. To describe the
flow behind the detonation wave, the one-dimensional
isentropic model of Taylor (1950) and expressions for
friction and heat transfer are discussed.

The influence of wall effects on the detonation front

C-J theory predicts the detonation velocity to be a constant
value depending only on the gas mixture. Experimental
results in small tubes, however, show that the detonation
velocity can be significantly lower than the C-J value.

Boundary layer effects have been used to explain the
velocity deficit. There are two ways to look at boundary
layer effects. One is the model of Fay (1959) which
transforms the displacement effects of the boundary layer
within the reaction zone to a uniformly diverging flow,
thereby reducing the propagation velocity. The other model
is by Zeldovich (1940). This model is quasi-one-dimensional
and friction and heat transfer are considered to be
distributed uniformly across the tube. Both these
approaches give velocity deficits inversely proportional to
the tube diameter. Recently Murray (1984) has applied Fay's
model and used the cell length as the characteristic
thickness of the wave. His predicitions are in good
agreement with experimental results from several
investigations. This prediction assumes a multiheaded
detonation (i.e. a detonation wave with more than one
transverse wave).

Moen et al. (1985) have investigated velocity deficits for

different gas mixtures and tube diameters. Their results
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are shown in Figure 2.8. The ratio between the measured

detonation velocity, D, and C-J velocity, D are

plotted versus the ratio between critical tggi diameter,
dc' and tube diameter of the test tube, d. The velocity
deficit as plotted on the figure seems to depend on the
regularity of cell structure. The mixture with the most
regular structure CZHZ + 2.5 Hz/ 75% Ar has the

largest velocity deficit for a given value of dc/d'
Fuel-air mixtures which has the most irregular structure
have a small velocity deficit. The prediction based on
boundary layer effects over-estimates the velocity deficit
for fuel-air mixtures when there are a few cells across the
tube. For fuel-air mixture it appears that wall effects
have little influence on detonation velocity under these

conditions.
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Ratio of méasured detonation velocity to the theoretical
Cc-J velocity (D/DCJ) versus ratio of critical tube
diameter of the mixture to the tube diameter, dc/d.

for mixtures with different levels of cell regularity.
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Confinement also influences the structure of the wave
front. Paillard et al. (1981) presented experimental data
showing that the cell size depends on the tube diameter.
The cell size for the same gas mixture increases with
decreasing tube diameter when there are just a few cells
across the tube. By decreasing the tube diameter, with the
same gas mixture, the structure of the detonation front
reaches a limit where front consists of only one transverse
wave. Such a detonation wave is known as single head spin
detonation. Lee (1984) states that the limit for a truly
selfsustained detonation wave in a circular tube corresponds
to the onset of single-headed structure. When the
detonation is a single-headed detonation wave the structure
of the wave front is given by the size of the tube, not the
coupling between gasdynamics and chemical kinetics. Such
near limited phenomena are discussed by Moen et al. (1981).

The influence of the confinement on the wave structure
reduces as the number of cells across the tube increase.
However, it is not clear when the detonation front is no
longer influenced by the confinement.

Expansion of the combustion products

Taylor (1950) analysed the dynamics of the combustion
products behind a C-J detonation by assuming isentropic
expansion. For a C-J detonation propagating in a tube, the
expansion behind the detonation wave can be predicted as a
centered rarefaction wave. The solution for a centered rare
faction wave is shown by Courant and Friedrichs (1948).
This solution assumes that heat losses and friction can be
neglected. Figure 2.9 shows the flow regions in the
time-distance (x,t) plane for the case of a C-J detonation
initiated at the rear end of the tube. Where x is the
distance from the rear end of the tube and t is the time.
The rear end of the tube is blocked so that the particle
velocity u (x = 0) = O.
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Time distance diagram illustrating different regions
where a detonation wave propagates in a tube.

(0) The initial state region.

(1) The rarefaction region.

(2) The constant state region.

c, = Uoy + Sy is the trajectory of detonation

front. C+ = c(x=0) is the trajectory of the tail of
the rarefaction wave. The rarefaction wave is centered

at point (0,0).

For this case, the flow behind the detonation wave can be
divided into two regions; 1) the rarefaction region and, 2)
the constant state region. The rarefaction region is
bounded by the detonation front and the tail of the
rarefaction wave. This is a hyperbolic problem, and the
characteristics C_and C* represent the path of the sound

waves (i.e. the disturbance waves).
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The characteristics for this problem are C+ = u + ¢ and

C =u - c. Where u is the gas velocity and c is the

lgcal speed of sound. The C-J theory states that flow
immediately behind a Cc-J detonation is sonic relative to the
wave front. The trajectory of the detonation wave is
therefore equal to the path of the right running
characteristic Cy = Uoy + Cog = DCJ' The tail

propagates at constant velocity because the boundary
condition at X = 0 is constant with time ( u = 0 ), and the
expansion is assumed to be isentropic . The tail velocity
is the local speed of sound which is described by the
characteristic C+ = ¢c(x=0).For this wave system the paths
of C+ are straight lines which implies that the state

along a right running characteristic, C+. is constant and

the solution is self-similar. The equations for c+ is :
C+ =u + c(u) = x/t (2-.2)

If the state is known at one point this state will propagate
along the path of the right running characteristic. All
C+—characteristics in the rarefaction region start at

origin (x = 0, t = 0). The state right behind the
detonation wave is the C-J state. Thereafter, the gas at
C-J state expands isentropically through the rarefaction
wave.

The Riemann variant, r, along C gives the second
relationship between u and c¢. It is given by:

. T g S e c3 s
% 1l Shodiey SHER .

where Y is the ratio of the specific heat.

Since this is a one-wave problem, the Riemann invariant is
constant in both the constant state region and the
rarefaction region. The value of r is given by the C-J
conditions as shown in Equation 2.3.
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For an ideal gas undergoing an isentropic process, one has

08 S
pp = constant = chch (°2.47)

where p is the density and p is the pressure. The speed
of sound is defined as

c? = (sp/8p), = - (2.5)

where subscript s denotes constant entropy.

From Equations 2.2 through 2.5, the trajectory of the tail
of the rarefaction wave and the states in the rarefaction
region and the constant state region can be predicted. The
method of solution will be shown in Chapter 3. Figure 2.10
illustrates the solution for the pressure and the gas
velocity behind a C-J detonation.

a) ‘ b) A

1.0 | 1.0
u 4
ucj pci
04
f - - ——
i o - 1.0
0 0.5 X 0 0.5 X

Figure 2.10
Illustration of the flow behind a detonation wave.
(a) Gas velocity profile.
(b) Pressure profile.
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The solution is self-similar, with X is a dimensionless
distance scaled with distance from origin to the position of
the detonation wave. Normally the velocity of the tail is
about half the velocity of the detonation wave and therefore
X = 0.5 at the position of the the tail. As seen in the
figures, the gas velocity decreases linearly from the
detonation front to the tail of the rarefaction wave, and
the pressure expands from the C-J state to about 0.4 pCJ'

Fickett and Davis (1979) discuss the same problem, but they
consider different boundary conditions at the rear end of
the tube. 1Instead of having the rear end blocked, they have
a piston moving with constant velocity, Up. starting from

X =0 at t = 0. When the piston velocity is less than the
gas velocity at the c-J plane, ch, the method of solution
is the same as for the blocked end solution (Up = 0). The
position of the tail and the state in the constant state
region will depend on U . If U 1is larger than the gas
velocity predicted by the C-J theory, uCJ. then the
detonation velocity, D, depends not only on the gas mixture,
but also on the piston velocity Up. The solution is an
overdriven detonation wave.

The planar solution of Taylor's theory is difficult to
confirm in experiments because the experimental conditions
in a tube will involve boundary layer effects. 1In spherical
experiments there are no boundary layer effects and Taylor's
model has been checked for this configuration. Desbordes et
al. (1981) measured the pressure profiles behind spherical
detonation waves. The measured pressure profiles were in
good agreement with Taylor's isentropic model when the ratio
of specific heats assuming frozen chemistry was used for the
predicition of the expansion.
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However, in a tube, the boundary layer can significantly
affect the wave expansion following the front. Edwards et
al. (1959) show that the pressure profile behind a ZHZ +

02 detonation at 1 atm agrees with isentropic expansion

for a 50 mm tube. The measurements are only made close to
the detonation front. For narrow tubes, the wall effects
are significant even close to the front and the experimental
pressure profiles differ from the isentropic expansion model
by Taylor, (Edwards et al., 1959 and 1970; and Paillard et
al., 1979 and 1981).

The experiments by Bazhenova et al. (1981) show that the
thermal conductivity of the wall material also influence the
expansion.

All these experiments show that wall heat transfer and
friction do influence the flow behind a detonation in a
tube. Unfortunatly, little information is currently
availiable in the literature concerning pressure profiles
behind detonation waves in larger tubes.

Unsteady one-dimensional flow with friction and heat transfer

Unsteady flow behind a detonation wave in a tube can be
described as quasi one-dimensional flow where friction and
heat transfer are considered to be distributed uniformly
across the flow area (Zeldovich,1940 ; Zeldovich and
Kompaneets, 1960). The governing equations for
one-dimensional flow with friction and heat transfer are
discussed by Shapiro (1954).
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For a control volume as shown in Figure 2.11, one has the
following conservation equations:

Continuity :

s-0) + (o) = 0 (2.6)
Momentum :
%—t—(pu) E g—x(puz+p) = Aif;‘x % (2.7)
Energy :
Bl u? 8 D gi Dl
gl (PALAX) (e T+5—) ] + jlpuA (e T+ +5—)1dx = -4 dA (2.8)

Ax is the flow area, dA is the area where friction acts
and heat is conducted through, o is the wall friction, q
is the heat transfer rate to the wall, cv is the specific
heat at constant volume, and T is the gas temperature.

i

dx
e

=S

|

Figure 2.11

Quasi one-dimensional control volume illustrating flow
through area Ax in a tube with wall friction <
and heat transfer q" to the tube wall area gqa.
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In terms of the internal energy e, defined by:

IueZ sgrl 1 w2
e = pch + 2pu = ;jip + 2pu (2+9)
The energy equation becomes
be & da "
£k 6x((e+p)u)) = - Axdx s q (220

The complete set of equations can now be written in the
following form:

s |P 5 2Pu aa [°©
It R bl W g g 3 (2.11)
3 e 3% (e+piu Agixqan v

q

When the inhomogeneous terms on the right hand side are
zero, the solution becomes the same as the Taylor's
isentropic expansion model.

The boundary layer behaviour behind a detonation wave are
very difficult to model accurately because of the
three-dimensionality of the wave front, the expansion of the
combustion products and the chemical reactions. The
simplest way to estimate T and q" is to use a
one-dimensional approximation. For flow in tubes, it is
common to define the friction coefficient Cf as:

(2.12)

For steady tube flow, cf is a function of the Reynolds
number, wall roughness and the tube diameter (Schlicting,
1976). For high Re-number the friction factor depends only
on the wall roughness and the tube diameter. The flow
behind a detonation wave have local Reynold numbers in this
high Re-number regime and Cf is therefore approximately a

constant.
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For a non-reacting gas, the heat transfer rate q 1s given

by:

4 =h (T,-T)) (2.13%

where h is the heat transfer coefficient, Tr is the
recovery temperature and Tw is the wall temperature
(Eckert and Drake, 1972 ). By applying Reynold's analogy
(Kays and Crawford, 1980 ), the heat transfer coefficient
can be estimated by:

: Cf
h = E_ ° upcp (2.1.4)

where c_ is the specific heat at constant pressure. These
relationships (2.13 and 2.14) for the heat transfer rate
give a very simplified description of the heat transfer
process behind a detonation wave. Effects of variation of
properties through the boundary layer, development of the
boundary layer, three dimensional effects caused by
transverse waves and effects due to chemical reactions in
the boundary layer are neglected.

Sichel and David (1966) have applied Mirels' (1957)
expression for g”to calculate the heat transfer rate
immediately behind detonations in Hz—o2 mixtures. They
assume a turbulent boundary layer and use both enthalpy and
temperature differences as the driving potential for q'.
The chemical reactions in the boundary layer can be taken
into account by assuming chemical equilibrium in the
boundary layer and use the enthalpy difference as the
driving potential. For stoichiometric HZ-O2 the
calculated heat transfer rate using enthalpy difference is
about 60% higher than the heat transfer rate using

temperature differences.
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Edwards et al. (1970) have measured heat transfer rates
behind detonation waves in 16 mm and 50 mm tubes. The
experimental values agree well with the calculated values of
Sichel and David (1966) using enthalpy differences. By
using Reynolds analogy and temperature differences, Edwards
et al. found that an average value of the friction factor

Cf of 0.005 corresponds to the experimental value of the

heat transfer rate.

TRANSMITTED SHOCK WAVE FROM A DETONATION

When the detonation wave reaches the inert interface the
shock wave will continue to propagate through the inert
region. The energy release by chemical reaction will end
and the shock wave must adjust to the hew conditions. The
combustion products are pushing the inert gas forward and
drive the shock wave into the inert region. 1In the case of
a second interface (Interface II), there will also be a
transmission and reflection of the wave at the contact
dicontinuity. In this section the simple-one dimensional
model of Paterson (1953) for refraction of the detonation
will be presented. The decay and nature of the transmitted
shock will also be discussed.

A simple model for refraction of a detonation wave at _an

inert interface

When a detonation wave in a fuel-air mixture propagates into
an inert gas mixture, the transmission process is very
complex. The structure of the wave involves
three-dimensional phenomena. In order to model this
transmission process in detail, it would be necessary to use
a numerical analysis similar to what Hiramatsu et al. (1984)
use for a numerical simulation of transmission of a gaseous
detonation from a confined to an unconfined space. To
estimate the strength of the transmitted shock wave, the
one-dimensional model of Paterson (1953) can be used.
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This simplified one-dimensional model assumes that the
detonation wave has zero thickness as in the C-J theory,
that the properties behind the wave have C-J values, and
that there is no expansion of the products. This is then a
typical Riemann problem. On one side of an interface one
has a gas in the C-J state, and on the other side, an inert
gas with zero velocity and with the initial pressure and
density. The solution to the Riemann problem is discussed

in Appendix B.

The solution must satisfy the continuity conditions such
that the velocity, u, and pressure, p, are the same for the
combustion products and the inert gas after being crossed by
the respective waves. 1In a p-u diagram, the solution

( p*,u* ) is found at the interception of the curves for the
right and left running waves. The two possible types of
solutions are shown in Figures 2.12a) and 2.12b). The arrow
gives the direction of the wave. S stands for shock wave
and R for rarefraction wave. The waves for the respective
situations are shown in Figures 2.13a)and 2.13b). 1In case
a), a rarefaction wave propagates back into the combustion
products whereas in case b) a shock wave propagates into the
combustion products. The type of solution depends on the
properties of the gases and the initial conditions.

Lee et al. (1977) have calulated the strength of the
refracted shock waves for C-J detonations into air. The
calculations were done for common hydrocarbons and Hz, and
for air and 02 as oxidizer. Only for Hz—o2

detonations the situation shown in Figure 2.13b) was
predicted. For all the other gas mixtures, a rarefaction

wave propagates back into the combustion products.
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Figure 2.12

p-u diagram showing the possible solutions p* and u*

behind a transmitted shock wave E—wnen a C-J detonation
refracts at an inert interface.
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Figure 2.13
Pressure profiles illustrating the two possible
solutions of figure 2.13 when a C-J detonation refracts
at an inert interface.
a) a rarefaction wave, R, propagates back into the
combustion products.
b) a shock wave, S, propagates back into combustion
products.
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Transmitted shock

As seen in the previous subsection, for most gas mixtures, a
left running rarefaction wave centered at the inert
interface ( i.e. Interface I ) will run into the combustion
products. The theory of Taylor showed that the detonation
wave was followed by a right running rarefaction wave
centered at x = 0, t = 0. These two rarefaction waves will
run into each other and for a detonation wave with zero
thickness, the resulting wave interaction is as illustrated
in Figure 2.14. The thin lines represent characteristics.
The flow behind the transmitted shock wave is not able to
support a shock wave with the strength that was transmitted
at the interface. The transmitted shock will therefore
decay in strength as it propagates into the inert gas. The
rate of decay depends on the ratio between the distance the
shock wave has propagated (from Interface I) and the length
of the donor section.

At Interface II at the beginning of the acceptor section,
there will be a new shock wave interaction with a
discontinuity at the interface. The solution is again the
solution of a Riemann problem. Since the properties of air
and fuel-air are about the same, the reflected wave caused
by the interface will be weak.

To calculate one dimensional flow with rarefaction waves,
interface interaction and shock decay, is today relatively
simple using numerical programs like the Random Choice
Method (RCM) code (Saito and Glass, 1979) or the Flux
Corrected Transport (FCT) code (Boris, 1976). There are no
simple analytical solutions for this problem like the
self-similar solution for shock decay from a point charge
(Taylor, 1950b). In the present case (i.e. gaseous
detonations ), the charge is distributed. In a numerical
code the Taylor expansion profile, as shown in Figure 2.10
can be used as input in order to simulate the distributed
charge.
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Figure 2.14
Time distance diagram illustrating wave motion when a
shock wave is transmitted into an inert gas region.
In region (4) two razefaction‘waves interacts.
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The problem is then solved as a non-reacting flow problem.
Thibault (1983) used this approach. He found that the FCT
and RCM codes gave approximately the same answer.
Gavrilenko et al. (1982) took friction and heat transfer to
the wall into account in their calculations. Their
numerical calculation agree well with their experimental
results. The experiments were performed in a 30 mm tube.
This work shows that friction and heat transfer have a
significant influence on the propagation
shock from a detonation.

of the transmitted

Edwards (1982) has performed transmission experiments in a
2310 mm2 square tube.

He measured the velocity of the
transmission wave.

The observed velocities for

CZHZ-—O2 detonations transmitted into He, Air,

Ar and
SF

6 are in poor agreement with the simple one-d

imensional
model of Paterson.

The discrepancies range from 60% to 75%-

Strehlow et al. (1972) investigated the transmission of
transverse waves (cellular structure) in inhomogeneous gas
mixtures. They found that when a detonation wave proPaqates
into an inert gas, the transverse waves are transmitted and
they are able to write on smoked foil but gradually decay
with distance. The traces of cellular structure was
observed about 10 cell lengths down from the interface. In

their experiments, the cellular structure of the detonation
wave was very regular.

INITIATION OF DETONATION BY A SHOCK

As discussed by Lee (1982) there are many mechanisms that

can accelerate a flame and thereby cause onset of
detonation. At the present time the mechanisms involved in

initiation of a detonation are not understood in detail,
however, qualitative descriptions are available.
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This section gives a description of the initiation proces
c?used by a planar shock propagating in a combustible gass
mlftu:e. The aim is to describe the initiation mechanisms
which are likely the most relevant to the re-initiation
process in the acceptor section. Different modes of onget
of detonation are also described.

Edwards et al. (1981) studied initiation of a detonation in
a shock tube by a planar incident shock wave. The planar
shock heated up the combustible gas and after the gas had
gone through the induction process, the chemical energy was
released. From the experimental data, an empirical relation
between induction time and the post-shock temperature was
established. The initiation process can be briefly
described as follows: The release of the chemical energy
results in forward propagating pressure waves which catch up
with the shock wave and increase the shock strength. The
increase in shock strength reduces the induction time and

r to the shock front. The
at the second

forms a second reaction zone close
shock wave continues to accelerate and
reaction front, a localized explosion,
reaction wave (or detonation) catches u
shock wave and produces an overdriven a

originates. This
p with the leading
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from the localized explosion, caused by the induction time
gradient ahead of shock, is referred to as the SWACER (Shock
Wave Amplification by Coherent Energy Release) mechanism
(Lee et al., 1978). The SWACER mechanism is discussed by
Lee and Moen (1980) and Strehlow (1984).

A very enlightening experiment on the onset of detonation
was done by Urtiew and Oppenheim (1966). They studied
transition from deflagration to detonation. A stroboscopic
schlieren technique was used to observe the transition
process. Before this experiment there was only some
hypothesis of the events leading to development of
detonations. However, in their experiment, the process of
onset of detonation was clearly exhibited. The localized
explosion phenomena was a major event in the onset of
detonation, and was either a consequence of turbulent flame
propagation or shock induced ignition. For the turbulent
mode, Urtiew and Oppenheimer showed that the localized
explosion could start off at:

- the flame front,
- between shock and flame front,
- the shock front.

From their photographs it is clear that the boundary layer
and the boundary conditions play an important role. When a
detonation is initiated at the shock front, the turbulent
flame has propagated along the boundary layer. Also for the
other cases, the local explosion is first observed in the
boundary layer possible due to some irreqularity at the
surface and weak transverse waves. As shown in a later
paper by Meyer et al. (1970), it was not the gas dynamical
process that triggered the explosion in these cases. At the
time when the local explosion takes place, the gas has only
undergone about 4 percent of the induction process. The
explosion must be due to a turbulent flame process, which is
closely linked to the boundary conditions.
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Urtiew and Oppenheim (1966) also observed transition to
detonation caused by gasdynamic processes. When two shock
waves merge, they create a regime with high temperature
behind the transmitted shock. When the gas at the contact
surface, which is the first shocked gas in the high
temperature region, has gone through the induction process,
a planar explosion is observed at the contact surface. The
experimental induction time agrees with calculations of the
induction time (Urtiew and Oppenheim, 1967).

Urtiew and Oppenheim's experiments show that detonation can
be initiated by different modes, and that the transition
process can either be a result of turbulent flame
propagation or shock induced ignition. The localized
explosions and the acceleration of the shock wave result in
strong transverse waves. In photographs by Urtiew and
Oppenheim (1966), transverse wavefronts can be seen. They
propagate at constant velocity which is close to the
predicted velocity of sound. Edwards et al. (1981) also
measured pressure oscillations indicating the presence of
strong transverse waves. Because the onset of detonation is
normally a non-planar phenomena, transverse waves appear
during the initiation process.

OVERVIEW OF PREVIOUS EXPERIMENTS WITH RE-INITIATION OF
DETONATION ACROSS AN INERT REGION

One has to go back to 1892 to find the first reported
experiments on the transmission of explosions across an
inert region. These experiments were done by Lean and Dixon
(1892). sSince then, just a few more experiments of this
kind have been reported.
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They are given below in chronological order:

- Lean and Dixon (1892)

- Bone, Fraser and Wheeler (1935)

- Bull, Elsworth, McLeod and Huges (1981)

- Gavrilenko, Krasnov and Nikolaev (1982 b)
- Edwards, Thomas and Sutton (1983)

- Bjerketvedt and Sonju (1983)

All of these studies are quite limited in scope and cover
only a small range of the very complex problem. 1In this
section, a short summary of these investigations is given.

The apparatus used by Lean and Dixon (1892) consisted of two
lead tubes, which could be connected together by an inert
section consisting of glass tubes of varying lengths. The
lead tubes were 880 mm long and 17.5 mm in internal
diameter. Glass tubes were also placed at each end of the
lead tubes. The lead tubes were filled with ZH2 + 02.
The inert section was filled with air. The gas mixtures
were separated by two valves. Just before ignition, the
valves were opened. The gas was ignited by a spark and
probably detonated, although detonation was not mentioned by
Lean and Dixon. For similar conditions as Lean and Dixon,
Bollinger et al. (1961) observed transition to detonation
after 750 to 900 mm. It is, therefore, likely that
detonation waves also were initiated in Leon and Dixon's
experiments. Another uncertainty with Lean and Dixon's
experiment is that the flame acceleration may have created a
flow which could have destroyed the inert region.

Lean and Dixon's only diagnostic were a visual observations
through the glass tube at the end of the acceptor section.

A flash indicated that the explosion had been transmitted.
They observed a flash when the length of the air gap was 192
mm or less. Today it is obvious that visual observation is
insufficient to distinguish between different complex
explosion phenomena, such as re-initiation caused by
reflection of the shock at the end of the acceptor glass
tube section.
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The paper by Bone et al. (1935) describes a photographic
investigation of detonations. Among the experiments
reported, there were some tests with re-initiation of
detonation across a Nz-gap. These experiments were
carried out in a tube with 13 mm internal diameter. A

spinning detonation in 2CO + O_ was temporarily suppressed

by a 6.4 mm Nz—gap. The detongtion wave re-initiated 1.4
to 3.0 msecs after the detonation had reached the gap.
Tests with the more reactive gas mixture of 2H2 + O2 and
6.4 mm and 26.4 mm Nz—gap, were performed. The Nz—gap
seems to have no effect on the speed an character of the
detonation. The detonation wave transmitted straight
through the gap. The transmission process was not observed
on the photographs because the valve creating the inert
region was made with opaque material. These experiments
show that an inert gap can supress a detonation, but that
the detonation can also be reinitiated. As expected,
detonations in more reactive mixtures re-initiated more

easily after the inert region.

Bull et al. (1981) performed some relatively large scale
experiments. Their apparatus consisted of two plastic bags
with 0.75 m diameter which were mounted on two steel hoops.
The bags had a common longitudinal axis. The spacing
between knife edges attached to the steel hoops made up the
inert gap. The gap distance was adjustable, and the
explosive gas mixture in the bags was separated from the air
region by diaphragms. The diaphragms were removed less than
0.2 sec before the mixture in the donor section was
detonated. This short time was necessary to avoid the
mixing of the gas mixtures in the donor and acceptor
sections. The difference in the molecular weights of the
air and of the fuel-air mixtures causes a density
difference. Buoyancy forces will, therefore, induce a flow,
which can partially mix the different gas regions. The
detonation was initiated by high explosives. Stoichiometric
ethylene-air and propane-air mixtures were used. For the
ethylene experiments, the donor section was 1.35 m long and
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the acceptor section was 1.5 m long. For propane, these
lengths were 3.0 m and 2.1 m, respectively. The experiments
were instrumented with pressure transducers and microwave

radar doppler equipment.

In Bull's experiments, the detonation wave re-established
itself when the air gap was less than 0.15 m for
ethylene-air and less than 0.12 m for propane-air. The
re-initiation occurred within the first 0.26 m of the
acceptor section. In this experimental apparatus the
rarefraction wave from the sides will propagate into the
center of the bag and presumably make reinitiation further
downstream less likely since the expansion will reduce the
temperature and thereby slow down the induction process.
This effect would not be present in a confined tube
experiment. The observed reinitiation cannot be explained
by one-dimensional shock wave decay and chemical induction
time considerations. In their conclusions, Bull et al. say
that their results indicate that transverse components of
the decaying shock wave contribute to the re-initiation
process.

The advantage of doing large scale tests is that wall
effects are minimized, but the problem of mixing the gas in
the donor and acceptor sections gets amplified when scale is
increased.

Gavrilenko et al. (1982b), performed experiments in a tube.
The tube diameter was 30 mm. The different sections were
separated by thin rubber membranes. The gas in the donor
and acceptor sections was stoichiometric mixture of
acetylene-oxygen at 1 atm. The inert section was filled
with air. The length of the donor section was only 105 mm,
the inert section was 460 or 880 mm long, and the acceptor
section was 1.5 m long. Before ignition, the membranes were
ruptured using needles. The detonation was initiated using
a spark. The gas mixture used in the acceptor section in
these experiments was so detonable that when it was ignited,
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the flame more or less immediately transited to a
detonation. The transfer of the detonation was therefore a
matter of sufficient strength of the transmitted shock wave
so the gas in the acceptor section was ignited. These
experiments are therefore quite different from experiments
in weaker mixtures such as fuel-air mixtures. It is
believed that transition to detonation is one of the
controlling processes for re-initiation of detonation across
an inert region in fuel-air mixtures. 1In the experiments of
Gavrilenko et al the critical Mach number for the shock to
ignite the mixture in the acceptor section was 2.3. For the
inert region to stop a detonation, the inert section had to
be about six times longer than the donor section. The
effects of some wall irrelugarities were also investigated
and discussed. 1In some of the experiments, the acceptor
section had an annular groove of 1.5 mm width and 5 mm
depth. This irregularity always led to re-initiation of the
detonation.

Edwards et al. (1983) presented some preliminary data from
laboratory experiments. They also showed how regions with
different densities quickly form layers and destroy a
distinct interface between the two regions. It is clear
that it is necessary to control the interface mixing in
order to perform reproducible experiments.

Bjerketvedt and Sonju (1983) presented some preliminary
experimental results from the program described in this

report.

In summary, a few preliminary experiments have been
performed, but a complete understanding of re-initiation of
detonation across inert regions has not yet been established.
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MOTIVATION AND INVESTIGATION STRATEGY FOR PRESENT WORK

In the summary remarks of the proceedings of the
International Specialist Meeting on Fuel-Air Explosions at
McGill University -in 1981, gas phase detonation in
inhomogeneous mixtures was identified as one of four areas
worth further intensive study (Bull, 1982). The motivation
was the concern for detonations in real gas clouds. There
is a need for some quantitative knowledge in this area,
especially to ascertain the effects of inhomogeneties in
fuel concentration on propagation of detonation waves in a
real cloud. This is a complex problem since the conditions
(i.e., fuel conditions) cannot be described exactly, and the
propagation of detonation waves in inhomogeneous mixtures is
not well understood. A first step to try to understand this
phenomena is to investigate an idealized geometrical
configuration where a detonation wave in a homogeneous cloud
propagates across an inert region into another detonable
homogeneous cloud. Such an investigation also has
application to methods of stopping detonations in confined
situations. There is a need for practical devices to stop
detonations in such geometries. Using an inert plug is one
device which needs to be evaluated.

As shown in the literature review, re-initiation of
detonation across an inert region involves phenomena such as
detonation propagation in homogeneous mixtures, transmission
of shock waves into an inert mixture and re-initiation of
detonation.

The velocity of a detonation wave propagating in a
homogeneous mixture is known to be close to the C-J value .
The expansion of combustion products after the detonation
has only been investigated close to the wave front and in
small t