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Summary

An explanation is given of the detailed mechanism of the
divergent and convergent dark waves that originate at the
charge boundary in detonating liquid homogeneous explosives
with unstable detonation front.

The mechanism involves the propagating failure wave that
transmits the breakdown of the chemical reaction, and two
different propagation modes for spreading the reinitiated
detonation into the charge. Experiments with artificially
induced divergent dark waves show that there are three
different induction times for the reinitiating adiabatic
thermal explosion. The size of a boundary irregularity in
relation to the pertinent induction time is shown to be
the controlling parameter that decides what kind of dark
wave will result. The conditions for transition from
convergent to divergent dark wave are given with reference
to experiments that demonstrate the transition.

The boundary-induced dark waves traverse the charge and
become part of the general pattern of transverse reaction
breakdown and reinitiating triple waves that are inherent
in the normal process of propagation of a detonation with
unstable front.

The report contains the text of a paper submitted for
presentation at the Sixth International Colloquium on
Gasdynamics of Explosions and Reactive Systems, Stockholm,
August 22-26, 1977.



INTRODUCTION

In all homogeneous explosives, instability of the detonation
front is due to chemical reaction breakdown phenomena. The
controlling mechanism is a local propagating failure of the
chemical reaction at the detonation wave front followed by a
delayed thermal explosion some distance behind the front.

The same mechanism is responsible also for the dark wave
phenoﬁena observed in the detonation of many liquid homogeneous
explosives and for the existence of a critical diameter of the
detonation transition from a tube into a larger volume (1, 2,
3, 4, 5).

Recently, high speed photography (2) has revealed more
experimental details of the complex pulsating wave structure
and the dark wave effects. In a separate paper Dremin (6)
gives a quantitative theory for such pulsating detonations.
He treats particularly the detonation region away from the
wall.

In the present paper we discuss, for homogeneous explosives
detonating with unstable front, the special types of dark
waves that originate at the charge boundary. Such waves can be
created artificially by making circular grooves on the inside
wall of a metal tube containing the explosive (1, 2). We will
discuss the different cases that can arise depending on the
size of the groove in relation to the induction time of the
thermal explosion. The two extreme cases are the divergent

dark wave and the convergent dark wave.

THE PROPAGATING FAILURE AND THE LAYER OF SHOCK-COMPRESSED,
UNREACTED EXPLOSIVE.

For a quantitative discussion of the different kinds of dark
waves let us recall the mechanism of transition of detonation
from a tube of sufficiently large diameter into a larger

container (8). (Figure 1). The diffraction of the detonation



front at the tube exit corner T generates a strong rarefaction
wave (R) centered at the failure wave front F. The resulting
breakdown of the chemical reaction at the edge of the detonation
front spreads into the charge as the detonation travels ahead,
and it creates a propagating failure along the failure line
F—F1.

The expanding detonation reaction products drive a shock wave
S into the unreacted explosive. In liquid explosives with an
unstable detonation front there is no appreciable reaction in
the region behind the shock front, and a layer of shock-
compressed, unreacted explosive will develop between the shock
front S and the interface I to the detonation reaction products.
The expansion wave in the shock-compressed layer, following
the failure wave, travels with a velocity C that is lower than
the failure wave velocity V. Therefore, in the ideal case, a
constant pressure region will grow (the shaded region in
figure 1). In reality, the pressure in the shock-compressed
layer is not quite constant. The cylindrical geometry of the
expansion and the slight curvature of the failure line cause
some small pressure gradients in the region. This does not
alter the general conclusions drawn with the help of the ideal

model.

Eventually, the explosive at point A has been exposed to the
shock temperature of S for a time equal to the induction period
T4 characteristic for the explosive at that temperature. An
adiabatic thermal explosion then occurs at point A, and creates
a detonation wave in the shock compressed layer that propagates
from point A with a velocity D, > D. The detonation overcomes
the shock front S. The intersection between the two travels
with a lateral velocity Vs higher than the failure wave

velocity V1 and a convergent dark zone develops.

Figure 2 shows the convergent dark zone. It is drawn using
experimental values for velocities and angles for neat

nitromethane. A is the point cf origin of the detonation in



the shock-compressed layer. The line F-F1 is the failure line,
the line R-R, is the trajectory of the triple shock intersection
point. As the width of the shock-compressed layer decreases,

the velocity v, decreases and the experimental evidence
indicates that it gradually approaches V. Thus, a thin dark

wave can continue propagating across the charge. It has now
become indistinguishable from the spontaneously occurring
failure and reinitiation waves of the unstable detonation front

in general.

DARK WAVES IN METAL TUBES

We will now turn to the dark waves created artificially by a
circular groove in the metal tube wall containing the liquid
explosive. Let us consider two extreme cases that will occur
for different groove sizes relative to the distance the

detonation wave travels during the induction period T, -

Define At as the time for the detonation wave to traverse the
width of the groove.

The case At << 1,, divergent dark wave.

In this case the groove is small so that the shock wave reaches
the opposite edge of the groove in a time At that is much
smaller than the induction period T - Figure 3a shows the

process along the tube wall in the x-t coordinates.

As the shock wave S hits the wall at the opposite corner of the
groove, a high pressure region will develop. Two shock waves
with the same pressure will propagate from the corner, one, a
Mach stem, up along the wall compressing the undisturbed
explosive in one step, the other back into the explosive of
the shock compressed layer (Figure 3b). Experiments have shown
that an overdriven detonation appears in the undisturbed
explosive close to the wall some short distance up from the

corner. It very quickly transforms into a regular detonation



with unstable front.

We believe that the course of events is the following:

An adiabatic thermal explosion originates and develops into a
detonation in the singly shocked region 3 along the wall. The
detonation propagates in this region, quickly overcomes the
shock front by the wall, and creates an overdriven detonation.
The whole event takes place in a space so small that in most
experiments, the new detonation seems to originate from a point

(R in figure 44).

The adiabatic thermal explosion occurs in the singly shocked
material by the wall (region 3 in figure 3b) and not in the
doubly shocked material (region 2). This is because the
temperature in region 3 (T3) is higher than that of the region
2 (Tz), and, therefore, the induction period Ty is smaller than
T,. For the case we consider, i.e. the small groove where
At << T1,, the induction time T, of the initially shock~compressed
layer of explosive is much longer than Tg and t,. Thus

Ty < T, << T,
The new detonation will spread from R into the undisturbed
explosive ahead of the shock wave. Figure 4 shows the situation
some time later. The figure has been drawn using experimental
values of velocities and angles for neat nitromethane, but for
simplicity, the slight curvature of the shock front S has been
neglected. The point of intersection between the new detonation
front and the shock front S moves with a lateral velocity V1
that is smaller than the lateral velocity of the failure V.
Thus the dark wave region, bounded by the failure line F-F,

and the reinitiation line R—R1, will be divergent.

Under the influence of the high pressure of the products of
the detonation along the wall, a shock wave S, is driven into
the shock compressed layer. Ic is the interface between the
products of the new detonation and the doubly shocked material

(the black region in figure 4). As will be shown later,
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Figure 1. Detonation failure in the transmission

of detonation from a metal tube into a larger volume.
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Figure 2. Initiaticn and tropasza -ion of —he triple-wave
in the convergent dark wave. Numerical

configuration 1
values given are for neat nitromethane.



Figure 3a. Distance-time diagram of the wave propagation
along the wall of a metal tube with a groove. The origin

is at the time of starting of the failure wave at the

first edge of the groove, At is the time of passage of

the oblique shock wave to the opposite side of the groove,
Ty is the induction period of the chemical reaction in the
shock-compressed layer 1. Regions 2 and 3 are the doubly and
singly shcck-compressed regions resulting from the Mach
reflexicn of the initiel obligue shock wave at the opposite

corner of the groove.



Figure 3b. Mach reflexion of the oblique shock wave

at the opposite edge of the groove.
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Figure 4. The initiation and propagation of the
triple-wave configuration in the divergent dark wave.

Numerical values are for neat nitromeThane.
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Figure 5a. Divergent dark wave in detonation of 84/16 weight %

NM/Ac (91/19 vol %) in a steel tube, generated by a 2.5 x 2.5 mm

groove. To the left is a compressed drawing of the tube.
Shot No. 12143. After Persson &

Ratio y:x scale 0.48:1.

Persson (2).
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Figure 5b. Detail of recording of divergent dark wave in

79/21 weight % NM/Ac (75/25 vol %) in a steel tube, generated
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by a 5 mm wide groove. To the left is a compressed reconstruction

of the failure and reinitiation wave S, and their positions

relative to the groove.
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Figure 6. Streak camera recording of divergent dark waves and
transition to convergent dark wuves in the detonation in neat
NM in a 10 mm diameter brass tube with two circular grooves.
Ratio of y:x scale 0.43:1. Shot No. 12150. After Persson &

Persson (2).

Table 1

Data for the experiments of figures 5 and 6

Record in figure No. 5a 5b 6

Initial temperature, C 19 25 21

Weight % Acetone 16 21 0

Volume % Acetone 19 25 0

Steel tube diameter, mm 30 30 10

Groove width 2.5 5 0.4, 0.75
Groove depth 2.5 2.5 0.4, 0.75
Streak velocity on film, mm/psec. 2.77 2.70 2.70
Estimated det. velocity, mm/usec. 5.754 5.65 6.3

Estimated crit. diameter, mm >100 >250 15-18



Figure 7. Distance-time diagram of the wave propagation
along the wall of a metal tube with a groove. The origin
is at the time of starting of the failure wave at the
first edge of the groove, At is the time of passage of

the oblique shock wave to the opposite edge of the groove,
T is the induction period of the chemical reaction in the
shock-compressed layer 1. Regions 2 and 3 are the doubly
and singly shock-compressed regions, resulting from the
Mach reflexion of the initial oblique shock wave at the

opposite corner of the groove.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


