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Flame Velocity for the Onset of Detonation
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Sophia University, Tokyo, Japan

Of interest in this study was the collision of a flame with a shock wave emitted from the flame itself and
propagated in the opposite direction to the flame after reflection at the end of a combustion tube. The transition
to detonation occurred at a critical initial pressure for various tube lengths. It did not begin below a certain limit
of the flame velocity at the collision point and it occurred with no stimulus from the reflected shock wave beyond
a critical flame velocity. Relations between the detonation induction distance and the minimum flame velocity
leading to the detonation and relations between the flame velocity at the collision point and the distance from the
collision point and the detonation point are presented.

Introduction

IN a fire within a structure or a factory, the transition from
combustion to detonation may cause damage not only to

the building itself but also to the surrounding area. It has been
noted that the interaction of a flame with a shock wave in-
duced by the flame, especially the head-on collision between
the flame and the flame-generated shock wave reflected at a
solid front wall, contributes to the flame acceleration and
leads to detonation. Thus, it is important to observe such
collisions in a tube as part of the basic research into the
prevention of disasters caused by such combustion.

Since confirmation of the existence of detonation waves,
many studies have been made on the onset of detonation (e.g.,
see Refs. 1-3). Oppenheim and Urtiew1 observed four causes
of detonation.1 But their study did not discuss whether the
collision of a flame with a reflected shock wave, one
generated ahead of the flame and propagating in a direction
opposite to the flame after reflection at the end plate of a
tube, was involved in the generation of detonation.

The process of interaction between a flame and a pressure
or shock wave has been investigated both theoretically and
experimentally. Markstein4 treated the head-on collision
between a laminar flame and a shock wave generated in a
shock tube and concluded that the acceleration of a laminar
flame and vibrating combustion were explained by the Taylor
instability.5 Leyer6 analyzed the effects caused by a pressure
wave emitted by a flame propagating in a closed tube in an
attempt to explain the vibratory phenomena. He showed that
an understanding of how fresh gases move could be used to
interpret the vibratory movement of the flame. Oppenheim
and Urtiew7 observed the interaction between a shock wave
ahead of a flame and a secondary transverse flame ignited at
the side wall of a tube; they indicated that the velocity of
shock wave, Mach 1.7, was too low for the onset of
detonation. However, these investigations used a laminar
flame and waves which were generated by supplementary
methods rather than directly by the flame.

On the other hand, Payman and Titman8 have reported
that if the shock wave was intense enough, then upon
propagating to the end of the tube, it would not only ignite the
gas mixture but also instantaneously initiate the detonation
therein. If the shock wave was weak and not powerful enough
to ignite the gas it would collide with the flame after reflection
at the tube end and this collision would cause a temperature
increase sufficient to initiate detonation at the flame front.
White and Martin9 and Inomata and Suzuki10 observed the
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same phenomena. Salamandra and Sevastyanova11 studied
the collision between a flame and a reflected shock wave in
order to determine the increase in the intensity of the shock
wave but they did not observe the transition to detonation.
Evans and Ablow12 have stated that compression waves
reflected at the end of a tube appeared to accelerate the flame
velocity and to promote combustion. However, the transition
to detonation by the head-on collision of a flame with a
reflected shock wave emitted by the same flame has not been
investigated systematically.

The purposes of the present research were to observe the
details of the generation of a detonation wave through such a
collision and to obtain some information about the conditions
of detonation initiation by controlling the energies of the
flame and the shock wave by the variations in the initial
pressures of the gas mixture and in the lengths of the tube.

Experimental Setup
Gas mixtures of 25% ethylene-75% oxygen with initial

pressures of 5.33-53.3 kPa were used. Combustion tubes,
similar to those in Ref. 10, were one to four pieces of 4 x 4 cm
cross-section and 42 cm long tubing which were combined as
required. An ignition plug and end plates of various
thicknesses resulted in a total length of 34.5, 78, 120, and 162
cm. A set of 4x30 cm optical windows enabled strobo-
schlieren photographs to be taken. These parts were carefully
constructed to assure smooth inside walls. Z-type schlieren
apparatus, an argon stroboflash lamp, and a drum camera
were used to observe the phenomena. Triggering of the lamp
was effected by means of a phototransistor which detected the
light of a flame. Ignition was performed by a nichrome wire
device with a 6 V ac source.

Results and Discussion
In tubes of various lengths, gases of ethylene-oxygen

mixtures with different initial pressures were introduced and
ignited at the end of the tube. Under certain experimental
conditions, in the course of the propagation of a flame, a
shock wave may be generated, reflected at the far end of the
tube, and then collide with the flame.

Figure 1 depicts the relation between the lengths of the tube
and the initial pressures. The region above the upper curve is
the zone where the detonation occurs without any collision of
the flame with the reflected shock wave, and that below the
lower curve is the zone where no detonation occurs even with
a collision. Between the two curves is the zone where the
detonations through collision occur. The region is broader in
shorter tube lengths and, in tubes longer than 162 cm, the
difference between these two curves may not be discernible.
Various measured values are summarized in Table 1.

Detonation does not occur immediately after the collision;
actually the detonation can be seen 25-200 /xs after the
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Fig. 1 Detonation limits for initial pressure P and tube length L.

collision. The x-t diagram of a flame in a tube 34.5 cm long is
shown in Fig. 2. After the reflection at the end wall, the shock
wave with uniform velocity (symbol RS) collides with the
flame (symbol F) coming from the opposite direction. The
flame is propagating at a small acceleration before collision
with the shock wave. By the time of collision the reflected
shock wave and the flame together form a plane wave (symbol
FS). Finally, the new pressure waves (symbol P) and the FS
wave develop into a detonation wave (symbol D). The
situation was almost identical for all other collisions leading
to detonation, but the numerical values of velocity and ac-
celeration differed. If the tube is long enough and a flame
produces a detonation wave before colliding with a reflected
shock wave, the distance from an ignition plug to a
detonation point (DID) reached 30-90 cm under the initial
pressures shown in Table 1. Therefore, the DID is shortened
by the collision in the 34.5 cm tube.

In the 78 cm long tube, the interaction phenomena of a
flame and a reflected shock wave are very complicated. A
detonation wave is formed at the flame front or behind the
new shock wave produced by the collision. In the 120 cm tube,
two or three subsequent shock waves are generated and at the
time the detonation wave is generated the flame front vanishes
after collision. In both tubes, the DID is considerably
shortened by the collision: to 72-76 cm with collision from
100-120 cm without collision in the 78 cm tube and to about
112 cm from 140-170 cm in the 120 cm tube.

In the longest tube (162 cm) the situation was as simple as in
the 34.5 cm tube. Because of the extremely narrow region of
initial pressure, shown in Fig. 1, the flame velocity and the
collision point in this tube could not be controlled as desired.
As a result, the DID without the collision was not observed
directly. However, it is clear that the DID in this longest tube
is also shortened by the collision of ,a flame with a reflected
shock wave. While the minimum flame velocity needed to
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Fig. 2 x-t diagram of the collision of a flame with a reflected shock
wave (17.3 kPa initial pressure).

generate the detonation wave without collision when the DID
was 144 cm was 1300 m s"1,10 the flame velocity with
collision was only 790 m s-1 at the same DID. If the collision
of a flame with a reflected shock wave does not contribute to
the onset of detonation, the flame in this experiment cannot
generate the detonation wave at 144 cm from the ignition
point and the DID value should be considerably longer than
144 cm in this flame.

Obtained in four tubes, these facts indicate that the
collision of a flame with a reflected shock wave significantly
contributes to the transition from deflagration to detonation.

Although burning pockets generated by the head-on
collision lead to the onset of detonation, all of the phenomena
in this study cannot be interpreted in the same manner. At
least two mechanisms of the transition to detonation were
observed: one is an autoexplosion in the burning pocket; the
other is an ignition behind a new shock wave produced by the
collision, whose presence is confirmed by the vanishing of the
flame front or the existence of the flame at the time of the
onset of detonation. Phenomena such as these have generally
been explained by the Taylor instability.5 According to the
modified Taylor instability,4 the acceleration of a flame in the
backward direction after collision with a reflected shock wave
should cause the flame to stabilize or the flame front to
deform in a direction opposite to the flame propagation in
this experiment. Consequently, the flame accelerated in the
backward direction in Fig. 2 should be stabilized; however,
the distortion of the flame surface, which increases with time
after interaction, may lead to a local explosion of the gas
mixture and result in the onset of detonation. At the same
time, however, the increase in the volumetric burning velocity
will cause the emission of pressure waves. If intense enough,
an ignition may occur behind these waves and lead to
detonation. Because the detonation began in front of the FS
complex shown in Fig. 2, the latter explanation is more
reasonable than that citing a local explosion of the gas

Table 1 Various values to generate a detonation by the collision of a flame with a reflected shock wave

Tube
length,

cm

34.5
78
teo
162

Initial
pressures,

kPa

16.0-37.3
9.87-12.0
6.67-8.67
6.40-6.67

Velocities of the
first reflected
shock waves, a

ms"1

270-350
290-340
300-350
-310

Kerns'1

370-490
540-840

700-1170
-800

Collision
point,5

cm

27-29
65-74

101-107
141-143

DID,
cm

28-30
72-76

108-118
144-146

a Values immediately after reflection at the end of wall of a combustion tube. b Distances from an ignition plug.
Vc = flame velocity at the instant of collision of a flame with a reflected shock wave. DID = detonation induction
distance.



AUGUST 1983 FLAME VELOCITY FOR THE ONSET OF DETONATION 1117

1000

800
tn
e

> 600

400

000 8

.*.

250 300 350
Shock velocity (m s""1)

Fig. 3 Relation of Vc and reflected shock-wave velocity immediately
after reflection (o = detonation; • = no detonation). Vc = flame
velocity at the instant of collision of a flame with a reflected shock
wave.
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Fig. 4 Lowest and highest Vc vs DID values in four tube lengths.
Vc = flame velocity at the instant of collision of a flame with a
reflected shock wave; DID = detonation induction distance.

mixture. The former mechanism appeared primarily in the
120 and 162 cm tubes.

It is interesting to note that the lowest boundary of the
flame velocity Vc at the instant of collision which generates
the detonation wave is constant at 700 m s"1, in spite of
various shock-wave velocities in the 120 cm tube (Fig. 3). In
Fig. 4 both the solid straight line and open circles relate to the
lowest Vc and the DID measured in four tubes. The solid
circles show the flames with the highest Vc and the dotted line
shows the relationship between the flame velocity Vd at the
detonation point and the DID which was shown to be required
to produce a detonation wave without a collision10; the two
sets of data agree well. These facts mean that a certain value
of Vc is necessary for the collision to generate a detonation;
the increase in the flame velocity needed for the onset of
detonation is in proportion to the increase in the distance
from an ignition plug; and the flame having the highest Vc
must have enough energy to cause the transition to detonation
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Fig. 5 Relations between Vc and xc in 120 cm tube. Vc = flame
velocity at the instant of collision of a flame with a reflected shock
wave; xc = distance from the collision point to the detonation point.

by itself. Vc reflects both the laminar flame velocity and the
mass motion of the gas in front of a flame. A fame emits
pressure waves or shock waves in succession through the
propagation. These waves lead to variations in temperature,
pressure, and density, namely, the laminar flame velocity as
well as the gas velocity in front of the flame. Moreover, a
flame velocity Vc must result from an initial pressure, con-
dition of the tube wall, and dimension of a combustion tube,
in addition to the velocities mentioned above. Therefore, it is
reasonable to assume that Vc is the key parameter in
establishing the transition to detonation as the overall result
of these effects.

Another interesting relation is that between the flame
velocities and the distances from the collision point to the
detonation point, xc. This could be observed in each tube, as
shown in Fig. 5 (120 cm tube). According to a simplified
calculation, DID was inversely proportional to the tem-
perature of the unburned gas.1? At the time of collision of a
flame with a reflected shock wave, the flame begins to pass
through the high-temperature region behind the reflected
shock wave; this means that the temperature suddenly rises.
Velocities of the pressure14 and shock waves15 that is, the
temperature of the unreacted gas—increase with increasing
flame velocity. After reflection at the end wall of the tube, the
first shock wave interacts with other pressure or shock waves
propagating in the opposite direction. Therefore, the tem-

, perature behind the reflected shock wave at the collision point
with a flame must increase with increasing flame velocity, in
spite of the almost constant velocity of the first shock wave
immediately after the reflection at the tube end. Con-
sequently, xc becomes short with increasing flame velocity,
even if the turbulence does not significantly increase, as in the
120 cm tube.

In addition to the experimental fact that a long DID
requires a rapid flame velocity for the onset of detonation,
various factors making the DID short (namely, turbulence,
normal burning velocity, and roughness of a tube wall) lead to
flame acceleration. Thus, the flame acceleration may be a
macroscopically good indicator of the transition to
detonation. In this study, the minimum flame acceleration
corresponding to the solid line in Fig. 4 was about 2.4 x IO5 m
s~ 2 except for the 34.5 cm tube (3.1 x IO5) and the maximum
acceleration (solid circles in Fig. 4) was 4.7 x IO5 m s~ 2 , which
is equal to the minimum acceleration when a detonation wave
is produced without the collision. The transition to detonation
may be caused by the collision of a flame with a reflected
shock wave if the flame acquires the energy equivalent to the
difference between these two accelerations. Whether these
acceleration values are applicable in all cases, regardless of
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various tube diameters, tube conditions, gas mixtures etc.,
must be further examined.

We conclude that the transition to detonation by the
collision occurs in a certain region of the flame velocity or
initial pressure and that the most important macroscopical
factor is Vc or the mean flame acceleration between ignition
and collision.
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It is generally the objective of the designer of a moving vehicle to reduce the base drag—that is, to raise the base pressure to a
value as close as possible to the freestream pressure. The most direct and obvious method of achieving this is to shape the
body appropriately—for example, through boattailing or by introducing attachments. However, it is not feasible in all cases
to make such geometrical changes, and then one may consider the possibility of injecting a fluid into the base region to raise
the base pressure. This book is especially devoted to a study of the various aspects of base flow control through injection and
combustion in the base region.

The determination of an optimal scheme of injection and combustion for reducing base drag requires an examination of
the total flowfield, including the effects of Reynolds number and Mach number, and requires also a knowledge of the
burning characteristics of the fuels that may be used for this purpose. The location of injection is also an important
parameter, especially when there is combustion. There is engineering interest both in injection through the base and injection
upstream of the base corner. Combustiori upstream of the base corner is commonly referred to as external combustion. This
book deals with both base and external combustion under small and large injection conditions.

The problem of base pressure control through the use of a properly placed combustion source requires background
knowledge of both the fluid mechanics of wakes and base flows and the combustion characteristics of high-energy fuels such
as powdered metals. The first paper in this volume is an extensive review of the fluid-mechanical literature on wakes and
base flows, which may serve as a guide to the reader in his study of this aspect of the base pressure control problem.
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