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1 Introduction 
Deflagration to detonation transition (DDT) has been studied by many investigators and several 
explanations have been given to the DDT process. According to the SWACER mechanism proposed 
by Lee et al. [1], it is explained that if there is a spatial gradient in chemical induction time, rapid 
amplification of pressure pulses originating from the reaction zone eventually leads to merging with 
the precursor shock wave so that onset of detonation occurs. Liberman et al have shown an existence 
of preheated zone ahead of a propagating flame before onset of detonation [2]. The preheated zone is 
formed from compression of an unreacted gas in the flame acceleration process and it has been 
observed that a detonation bubble originates in this preheated zone. Urtiew and Oppenheim [3] have 
categorized the DDT process into four cases with reference to a micro-explosion and a detonation 
origin as follows: Detonation is initiated 1) at the flame front, 2) at the leading shock front propagating 
ahead of the flame, 3) at the regime between the flame and the leading shock, and 4) at the contact 
discontinuity generated from merging of two shock waves. Kuznetsov et al. have reported that onset of 
detonation is observed as the boundary layer thickness increases up to about 10 times the cell size of 
initial mixtures [4]. 

Nevertheless, knowledge on DDT is still insufficient for predicting where and when exactly onset 
of detonation occurs, since the following two issues make it difficult to give the prediction. One is 
poor reproducibility of strength of the precursor shock wave, which is responsible for variation of the 
position and time of a micro-explosion ahead of the accelerating flame. The other is less ability to 
control behavior of the flame acceleration or transition from laminar to turbulent flames. 
  In the present work, forced ignition of an unreacted gas behind an incident shock was conducted 
using a shock tube so that detonation was initiated in the fully controlled flow field. The incident 
shock wave was generated whose strength was as much as that of the precursor shock in the DDT 
process. By adjusting ignition timing the distance from the incident shock wave to the ignition position 
could be varied to study effects of the interaction between the propagating flame and the boundary 
layer on detonation initiation.  
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2 Experimental  
In the present work, a shock tube was used to generate an incident shock wave as shown in Fig 1. The 
high pressure section, which is separated from the low pressure section by an aluminum diaphragm, 
has an inner diameter of 50 mm. The low pressure section including the test section has a cross-section 
of 40 mm x 20 mm. On the upper wall of the test section, four conventional pressure transducers 
(PCB-H113A) were set at p1, p2, p3, and p4. One-side wall of the test section was coated by soot to 
observe cellular pattern.  

As for the method of ignition, spark discharge and laser ablation were used. Experimental setup in 
each ignition method is shown in Fig.2. In Fig 2 (a), concentric planar electrodes whose gap was 1 mm 
was flush mounted at the middle point between p2 and p3 in Fig. 1. In this case, a capacitive spark 
discharge whose duration was a couple of hundreds of nanoseconds was applied to the electrodes. 
Spark energy of less than 10 mJ was supplied to avoid direct initiation. In laser ablation, a target made 
of aluminum fixed at the middle point between p2 and p3 was irradiated by Nd:YAG laser pulse 
whose wavelength was 532 nm. Its pulse duration was about 5-10 ns. The laser light was focused on 
the surface of the target through a condensing lens placed at the bottom of the test section. Laser 
energy was varied from 5 mJ to 195 mJ. Unlike the case of spark ignition, a blast wave was expected 
to be generated in the laser ablation because of relatively high energy input in shorter time.  

An ethylene-oxygen mixture with equivalence ratio of 1.2 was charged into the test section as a test 
gas at an initial pressure of 25 kPa, 35 kPa, and 100 kPa and at a room temperature. The initial 
pressure P1 and Mach number of the incident shock wave Ms were summarized in Table 1. 
Temperature T2 and pressure P2 behind the incident shock wave were calculated from P1 and Ms. 
Ignition timing was controlled so that the distance from the incident shock wave to the ignition 
position was varied from 10 mm to 500 mm.  
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3 Results and Discussion  
Typical pressure histories are shown in Fig 3. After ignition, onset of detonation occurs and detonation 
wave propagates in the both upstream and downstream directions. The x-t diagram of this process is 
also shown in Fig 3, where Δt is defined as the time from the ignition timing to generation of 
detonation origin and L denotes the distance from the incident shock wave to the ignition position. The 
position and timing of detonation origin was estimated from the detonation speed propagating 
upstream and downstream. Figure 4 shows effects of the spark energy E and the distance L on Δt 
estimated as shown in Fig. 3 for the initial pressure of 25 kPa, 35 kPa, and 100 kPa. It is found that 
there is a tendency that ignition whose position is located further from the incident shock wave causes 
prompt initiation of detonation. This tendency is independent of the initial pressure, ignition energy, 
and the ignition method as shown in Fig 4. Since the flow properties behind the incident shock wave 
do not significantly change for the cases of larger value of L, it is considered that development of the 
boundary layer at the vicinity of the wall affects the process of the detonation initiation. 
     The case of spark ignition, in which effects of a blast wave on the flow filed can be excluded, is 
suitable for consideration of onset of detonation near the boundary layer. Figure 5 (a) and (b) show 
soot records for the cases of the spark ignition with E of 4.1 mJ, 5.7 mJ and L of 19 mm, 385 mm, 
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respectively. In the both cases an arch-like line, inside which a cloud-like pattern is drawn, is observed 
on the soot record, although an area enclosed by the arch-like line is different. Just after ignition by 
spark discharge, a flame propagates with a subsonic speed relatively to the flow and thus it is deduced 
that the flame does not reach the bottom wall of the test section within Δt in all the tests which is 
summarized in Table 2. The arch-like line, therefore, demonstrates the flame front at which detonation 
wave passes in the unreacted gas. This is consistent with the fact that the area enclosed by the arch-
like line, S, increases monotonically with Δt as shown in Table 2, where the area is estimated from the 
maximum horizontal width w and the height of the arch-like line h under the assumption that the area 
is approximated as a triangle. 
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(a)A relationship of ignition energy, the distance from the 
incident shock wave to the ignition position, and the time 
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(b)A relationship of ignition energy, the distance from the 
incident shock wave to the ignition position, and the time 
from the ignition timing to the detonation origin. Laser 
ablation at initial pressure 35 kPa; shock Mach number 
Ms = 2.4 ± 0.1, T2 = 525 ± 25 K, P2 = 2.4 ± 0.3 atm. 

(c)Comparison of ignition methods  (spark discharge and 
laser ablation). Initial pressure 100 kPa; shock Mach number 
Ms = 1.7 ± 0.1, T2 = 400 ± 20 K, P2 = 3.3 ± 0.4 atm. 

Figure 4. Effects of ignition energy, the distance from the incident shock wave to the ignition position and 
the time until onset of detonation.  
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From the above consideration it is suggested that the detonation initiation is governed by the 
propagation manner of the flame near the wall surface, namely the boundary layer. In the case that 
spark discharge is made immediately after passage of the incident shock wave, the flame propagates in 
the main flow drifting downstream. As for longer distance from the incident shock wave to the 
ignition position, the flame initially develops within the turbulent boundary layer together with 
transition from laminar to turbulent flame. This provides a large heat release rate, which finally leads 
to generation of a shock wave or detonation initiation. The boundary layer displacement thickness δ 
calculated by the Fay’s method [6] is shown in Table 2. Further quantitative discussion will be needed 
to specify the condition of detonation initiation. 

  
 
 

 
  

4 Summary  
Onset of detonation by forced ignition behind an incident shock wave in ethylene-oxygen mixture has 
been experimentally studied. Spark discharge and laser ablation were used for ignition source behind 
an incident shock wave which was treated as the precursor shock wave formed ahead of accelerating 
flame in the DDT process. The experimental results show that there is a tendency that the time from 
the ignition timing to detonation initiation decreases with increase in the distance from the incident 
shock wave to the ignition position. 

 References 

[1]  Lee JHS. (1977). Initiation of gaseous detonation. Ann. Rev. Phys. Chem. 28: 75   

(a) E = 4.1 mJ, L = 19 mm 

Ignition position 

FlowFlow

Figure 5. Soot record for spark discharge at initial pressure of 100 kPa 

10mm10mm

Ignition position 

(b) E = 5.7 mJ, L = 385 mm 

h 

Table 2. All results of spark ignition at 100 kPa, Ms = 1.7 ± 0.1, T1 = 400 ± 20 K, P2 = 3.3 ± 0.4 atm.
S: The area of enclosed by the arch-like line approximated as a triangle. 

δ, mm 

0.3 
0.5 
1.1 
3.3 

Test number 

1) 
2) 
3) 
4) 

L, mm

19 
36 
96 
385 

Δt, μs

38 
36 
30 
15 

E, mJ 

4.1 
3.4 
8.2 
5.7 

w, mm

53 
50 
55 
27 

h, mm

14 
13.5
- 

12 

S, mm2 

371
337
  -  
162

w 



S. Ishihara                                        Onset of Detonation by Forced Ignition behind an Incident Shock Wave 

23rd ICDERS – July 24-29, 2011 – Irvine 6 

[2]  Liberman MA. et al. (2009). Formation of the preheated zone ahead of a propagating flame and 
the mechanism underlying the deflagration-to-detonation transition. Phys. Letters A. 373: 501.  

[3]  Urtiew PA, Oppenheim AK. (1966). Experimental observations of the transition to detonation in 
an explosive gas. Proc. Roy. Soc. Ser. A. 295: 13.  

[4]  Kuznetsov M. et al. (2005). DDT in a smooth tube filled with a hydrogen-oxygen mixture. Shock 
Waves 14(3): 205. 

[5]  Bach GG. et al. (1968). Direct initiation of spherical detonations in gaseous explosives. Proc. Combust. 
Institute 12: 853. 

[6]  Fay JA. (1959). Two-dimensional gaseous detonations: velocity deficit. Phys. Fluids 2(3): 283. 

 

 

 

 

 

 

 

 

 



<<
  /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 /LeaveColorUnchanged
  /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 false
  /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 false
  /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 false
  /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 <>
    /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.)
    /JPN <>
  >>
  /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


