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1   Experimental Setup 
 

     A number of previous studies have indicated that the quenching of flames, as they propagate in a combustible 
gas mixture from one chamber to another through an orifice, depends not only on orifice diameter but also on flow 
velocity [1-2].  The problem may be divided into three regimes with increasing flow velocity at the orifice: 1) a 
“thermal diffusion” quenching regime associated with laminar burning velocity and loss of heat and free radicals 
to the orifice wall, 2) a “turbulent mixing” regime where the rate of turbulence entrainment of cold unburned 
mixtures into burned mixtures dominates the overall quenching and 3) a “sonic choking” regime where a 
temperature decrease in an underexpanded jet structure downstream of the orifice contributes to the flame 
quenching.  Motivated by the importance of quenching or transmission of the explosion from a condensed 
explosive in chambers, the present paper investigates critical conditions for explosion transmission from a donor 
chamber (where detonation of an explosive charge occurs) to a receptor chamber (initially filled with air only).  
     The experimental facility consisted of two steel chambers 
connected with an orifice plate between them (Fig. 1).  The 
donor chamber, 26 m3 in volume and 3 m in diameter, was 
designed to sustain a 1500 psi hydrostatic pressure and can be 
vacuum-sealed using a blind flange, while the receptor 
chamber was 23 m3 in volume and has the same internal 
diameter.  The venting orifice plate was interchangeable for 
various hole diameters up to 1.22 m corresponding to a venting 
area of 1.169 m2.  The donor chamber was equipped with 12 
gauge holes 33 cm in interval along the two sides and the front 
end, and 7 circular windows 10 cm in diameter, three pairs on 
the two sides facing each other and one on the front end.  The 
receptor chamber was equipped with 25 gauge mounts, three 
45 cm x 15 cm windows on the side and a window 15 cm in 
diameter looking through the end wall downstream and 
opposite the orifice.  The diagnostics included pressure transducers, a pyrometer and high-speed digital video 
cameras.  The experiments were conducted using IPN/Mg and IPN/RDX/Al heterogeneous mixtures and baseline 
C-4 charges in three masses: 1.1 kg, 4 kg and 7.7 kg.  The mixtures were contained in a thin-walled polyethylene 
cylindrical casing whose length/diameter ratio has been maintained at L/D ≈ 1.  The charge was suspended and 
detonated in the center of the donor chamber. 

Figure 1. Two chambers with orifice plates

P2                                C3 

2   Explosion in a closed chamber 
 

     A number of experimental studies of explosion in a closed chamber can be found in the literature [3-7].  In 
order to obtain a closed volume explosion reference, experiments were first conducted in the donor chamber alone 
(closed by a blind flange).  Figure 2 displays a typical explosion process for a 1.1 kg IPN/RDX/Al mixture in the 
early time recorded from the front end window.  The instabilities of the combustion products interface are 
influenced by the expanding particle cloud that crosses the interface in the form of reacting particle jets 
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surrounded with an added mass of gases.  Interaction of particle wakes with the products interface further 
generates micro-scale turbulent mixing regions for the combustion products and air.  At a critical mass, the 
combustion rate of the expanding frontal particles cannot compete with the cooling rate due to the heat transfer to 
the air and turbulent mixing of burned mixture with fresh air.  Hence, the flame intensity is then reduced and 
inhibited.  After the blast reflects on the wall and implodes, the after-burning is again enhanced.  Figure 3 
provides over-pressure histories for the 1.1 kg IPN/Mg and IPN/RDX/Al heterogeneous mixtures as well as for 
the reference C-4 explosive.  A dynamic loading time, tB, is defined to be completed once the pressure reaches 
97% of the final quasi-static pressure (QSP) 
observed on the scale of the recording.  The fact 
that geometry effects are dominant within this 
dynamic regime is substantiated by the significant 
variation of the pressures with different 
transducer locations.  The QSP after tB, however, 
appears independent of transducer location and 
remains unchanged up to 90 ms when the 
recording ends.  The constant QSP during this 
time results in an impulse which varies less than 
3% with gauge location, thereby indicating the 
donor chamber meets both adiabatic and closed 
system conditions.  For a 1.1 kg charge mass, tB is 
about 12 ms for C-4, 24 ms for IPN/RDX/Al and 
40 ms for IPN/Mg.  Thus, the dynamic loading 
time strongly depends on the afterburning rate of 
the mixture of metal particles, detonation 
products and air contained in the chamber.  Figure 4 summarizes the average experimental QSP in absolute 
pressure and the theoretical equilibrium explosion pressure using Cheetah 2.0 with the BKWS equation of state 
for detonation products.  Considering that the equilibrium value provides a limit for a reactive system perfectly 
mixed at the molecular level, the deficit in the experimental value with respect to the equilibrium calculation is 
due to the non-uniform mixing and afterburning of the detonation products with the air enclosed in the chamber 
under conditions of unsteady flow during the explosion.  For the heterogeneous mixtures, the non-uniform mixing 
and afterburning also include the heterogeneous nature introduced by the finite-sized particles.  The higher QSP 
values for the heterogeneous mixtures are due to the energy content of the metal particles and the higher oxygen 
deficiency of the mixtures compared to C-4.  These results indicate a basic feature of the heterogeneous explosion 
performance, that is, the dependence of blast enhancement on both the stoichiometric degree of the system 
consisting of the mixture and the air in the confinement, and on the mixing and reaction under unsteady 
conditions. 

Figure 2. Explosion process of 1.1 kg IPN/RDX/Al in the 
closed 26 m3 chamber (U05-164A). 
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Figure 3. Overpressure histories from 1.1 kg 
C-4 and heterogeneous charge explosions in 
the closed 26 m3 chamber. 

Figure 4. Equilibrium calculations and expe-
rimental QSP (black symbols: closed 26 m3 
chamber; red: two chambers with 0.305 m ID 
orifice; blue: 1.22 m ID orifice). 
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3   Critical transmission regimes 
 

    Figure 5 shows a turbulent mixing quenching process of flames from a 1.1 kg C-4 explosion as they propagate 
from the donor chamber into the receptor chamber through a 1.22 m diameter orifice.  Flame quenching starts at 
the lateral interfaces separating the fireball and air where the turbulent entrainment occurs.  A temperature 
decrease due to the expansion of the flow downstream of the orifice also contributes to the overall quenching.  
When C-4 is replaced with heterogeneous mixtures of IPN/Mg or IPN/RDX/Al, flames are transmitted 
successfully through the same orifice and further propagate in the receptor chamber. 
 

 
 

Figure 5. Quenching of flames from 1.1 kg C-4 explosion through a 1.22 m ID orifice (U06-296A) 
 
     When decreasing the orifice diameter to 0.305 m, a 
sonic choking quenching process takes place for all 
1.1 kg charges including C-4 and the heterogeneous 
mixtures, as displayed in Fig. 6. Since the pressure ratio 
across the orifice is larger than a critical value 
(approximately 1.8 for ideal gas with γ = 1.4), an 
underexpanded jet structure is formed downstream of 
the orifice and flames are completely quenched as they 
propagate through the orifice due to expansion cooling.  
Figure 7 shows that increasing charge mass to 4 kg 
results in a re-initiation of flames downstream of the 
same orifice.  An increase in charge mass increases 
upstream explosion pressures and therefore pressure 
ratios across the orifice (see Fig. 8 for over-pressure 
histories in the donor and receptor chamber).  For 
sufficiently high pressure ratios, the underexpanded jet flow downstream of the orifice consists of an expansion 
immediately followed by a recompression in the form of a normal shock or Mach disc.  With increasing upstream 
pressures, the strength and diameter of the Mach disc become sufficiently large to significantly enhance the lateral 

Figure 6. Flame quenching from 1.1 kg IPN/RDX/ 
Al explosion through a 0.305 m orifice (U06-326B)

Figure 7. Re-initiation of flames from 4 kg IPN/ 
RDX/Al explosion through a 0.305 m orifice. Left: 
end wall view; right: side wall view (U06-327B). 
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barrel shock and turbulent mixing at the jet boundary between the reacting products and air, thus resulting in an 
increase in reaction rate and re-initiation near the jet boundary behind the Mach disc.  Due to the competitive 
effect of expansion cooling and Mach disc recompression and mixing, there exists a critical charge mass for 
quenching of flames for a given orifice diameter.  Beyond this critical charge mass, the transmission and 
propagation of the explosion in the receptor chamber takes place. 
     Figure 9 provides an example to compare the pressure histories for various venting orifice diameters.  The QSP 
values in the two chambers for various charge masses and venting orifice diameters are summarized in Fig. 4 for 
C-4 and two heterogeneous mixtures.  As shown in these figures, a decrease in orifice diameter results in a slight 
decrease in QSP, partially due to an increase in non-uniform mixing but also due to the heat loss to the wall from 
longer equilibrium time in the two chambers required for the smaller orifice.  Due to the fuel lean condition in the 
donor chamber, the QSP for 1.1 kg charges undergoes very little reduction when comparing the flame quenching 
cases with the flame transmitted cases.  Thus, caution must be taken for the pressure loading even when flames are 
quenched. 
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Figure 8. Overpressure histories in the donor (left) and receptor (right) chamber with a 0.305 m ID orifice 
from 1.1 kg and 4 kg C-4 and IPN/RDX/Al explosions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Figure 9. 

 

Overpressure histories in the donor (left) and receptor (right) chamber from 1.1 kg C-4 
explosions (black line: closed; red: 0.305 m ID orifice; pink: 1.22 m ID orifice). 
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4  Conclusion 
 

    Critical conditions for explosion quenching or transmission from a 26 m3 donor chamber (where detonation of 
an explosive charge occurs) to a 23 m3 receptor chamber (initially filled with air only) through an orifice have 
been investigated experimentally for both C-4 explosives and metallized heterogeneous explosives (IPN/Mg and 
IPN/RDX/Al).  Unlike the premixed combustible gas mixtures where a quenching diameter can be a few 
millimeters, the orifice diameter for the quenching of flames in this case can be of the order of one meter.  Both 
turbulent mixing quenching and sonic choking quenching have been observed.  Under fuel lean conditions in the 
donor chamber, the quasi-steady explosion pressure can undergo very little reduction when comparing the flame 
quenching cases with the flame transmitted cases.  Thus, caution must be taken for the pressure loading even 
when flames are quenched. 

Acknowledgement: 
  

    The authors would like to thank Luc Légaré, Kiril Mudri, Pat Lambert, Mark Churcher, Matthew Bergstrom, 
Brain Eichelbaum, Karl Baker, Scott Trebble and the Field Operations Section for their support in conducting the 
experiments.  This work was partially funded by the Advanced Energetics Program of DTRA. 

References 
 

[1] Thibault P, Liu, YK, Chan, C, Lee, JH, Knystautas, R, Guirao, C  (1982). Transmission of an explosion 
through an orifice. 19th Symposium (International) on Combustion, The Combustion Institute, pp. 599-606 

 
[2] Milne, A (2005). Personal Communication 
 
[3] Kuhl AL, Forbes J, Chaudler J, Oppenheim AK, Ferguson RE (1998). Confined combustion of TNT 

explosion products in air. Proc. Intern. Symposium on Hazards, Prevention, Mitigation of Industrial 
Explosions. Shaumburgh, IL, pp.1-49 

 
[4] Gudzilo S, Paczula J, Trebinski R, Trczinski W, Wolanski P (1998). Studies of afterburning of TNT 

detonation products in confined explosions. Proc. Intern. Symposium on Hazards, Prevention, Mitigation of 
Industrial Explosions. Shaumburgh, IL, pp.50-67 

 
[5] Trzcinski WA, Paszula, J (2000). Confined explosions of aluminized high explosives.  31st International 

Annual Conference of ICT, Karlsruhe, Germany 
 
[6] Neuwald, P, Reinchenbach, H, Kuhl, AL (2003). Shock-dispersed-fuel-charges-combustion in chambers and 

tunnels. 19th International Colloquium on the Dynamics of Energetic and Reactive Systems, Hakone, Japan 
 
[7] Zhang, F, Yoshinaka, A, Anderson, J, Ripley, R, (2006). Confined heterogeneous blast. 19th International 

Military Aspects of Blast and Shock Symposium, Calgary, Canada 


	1   Experimental Setup
	2   Explosion in a closed chamber
	3   Critical transmission regimes
	4  Conclusion
	Acknowledgement:
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. 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 best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


