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Two-dimensional full Navier-Stokes simulations on the detonations are presented in order to
estimate the boundary layer development behind the front. The multi-zone grid system is applied
to simulate the detonation front and the boundary layer. The results show that the boundary layer
thickness behind the front is approximately 10% of the channel width for the adiabatic wall and 20%
for the isothermal wall. The detonation velocities are also affected by the wall boundary due to the
boundary layer thickness.

1 Introduction

Detonation is a shock-induced combustion wave propagating through a reactive mixture or pure exother-
mic compound, and has been studied from the safety engineering point of view such as for coal mine
explosions or from the scientific point of view of astrophysics as in star explosions. Numerical simulations
on the detonations usually neglect viscous and thermal losses because its propagation speed is supersonic
and the pressure at Chapman-Jouget state is approximately 20 times the initial pressure. However, the
DDT (Deflagration to Detonation Transition) phenomena are generated by the strong turbulent and
viscous effects near the wall so that the numerical simulations on DDT must include the viscous and
thermal effects in the governing equations[1].

The propagations near the detonation limit are also affected by the viscous and thermal losses. The
single spinning detonation appears near the detonation limit and the experimental and numerical re-
searches show that the spinning detonation stably propagates in the tube[2, 3]. The detonation velocity
of the spinning detonation is approximately 80~90% of D¢ and this reason is thought to be the viscous
effects.

These detonation velocity deficit can be simulated by using the ZND simulations including the laminar
viscous and thermal losses[2, 4]. One parameter in these simulations, which changes the amount of
friction loss and heat loss, control the effects of their losses as the numerical results agree with the
experimental results. Fay[5] found that the magnitude of the velocity deficit was consistent with the
existence of the boundary layer by using analysis. However, the release energy near the spin head
also decreases near the detonation limit with decreasing the initial pressure. This means that the
transverse detonation in the spin head also becomes weak to decrease the propagating velocity. The
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dependency of the initial pressure on the release energy is also included in the CJ state, however, the
multi-dimensional effects are not included. Therefore the effects of the release energy cannot be cleared
on the two-dimensional and three-dimensional detonations. Furthermore, it should be evaluated whether
the viscous losses or the reduction of the release energy dominate on the detonation velocity deficit under
the low pressure conditions.

In this paper, the results of the two-dimensional full Navier-Stokes simulations for the detonations
are presented. Final goal is to estimate the viscous losses and the reduction of the release energy on
the three-dimensional spinning detonation. At first, the present paper discusses the boundary layer
development near the wall behind the detonation front by using some fine grids near the detonation
front and the wall.

2 Numerical Method

The governing equations are the full Navier-Stokes(NS) equations with 9 species (Ha, O2, H, O, OH, HO»,
H504,H>0, and N2) and 18 elementary reactions and they are explicitly integrated by the Strang type
fractional step method. The chemical reaction source term is treated in a linearly point-implicit man-
ner. A Harten-Yee non-MUSCL type TVD scheme is used for the numerical flux [6]. The Petersen
and Hanson model[7], which is a detailed chemical reaction model, is used for chemical kinetics to solve
detonation problems.

The computational meshes are shown in Fig. 1. The present grids consist of three grids. Zone 1 (grid
points are 401x401) is produced near the detonation front and its resolution is 2.5 pm. Zone 3 (201x101)
is for the reward domain with 10 pm or coarser resolution. Zone 2 (101 x 201) connects between zone 1
and zone 3. All grids have minimum grid width of 2.5 ym near the walls. 2.5 micrometer corresponds to
a resolution of 64 grid points in the theoretical half reaction length which equals 1.6 x 10~ *m for H, at
atmospheric pressure. The length of the computational domain is seven times the channel width. The
channel width is 1 mm.

The boundary conditions are as follows: the upstream conditions are at pressure of 0.1 MPa and
temperature of 300K, and the upstream gas is stoichiometric H,/air gas mixture; the wall boundary
conditions are non-slip, and non-catalytic. The wall condition selects the adiabatic wall or the isother-
mal wall with 300 K, respectively. The downstream condition is the non-reflected boundary proposed by
Gamezo et al.[8]. The present simulations adopt the moving grid system instead of the wave coordinate
system because a carbuncle at the detonation front appears near the wall. This means that the compu-
tational grid moves with CJ velocity. The time-dependent metrics are included in the present numerical
schemes.

The initial conditions for the one-dimensional simulations are given in two computational domains
with high pressure in the vicinity of a closed end wall and low pressure. These results are used to start
the two-dimensional simulations.

3 Results and Discussions

Figure 1(right) shows the comparison of maximum pressure histories between the results of the Euler,
NS+slip, NS+non-slip adiabatic wall, and NS+non-slip isothermal wall, respectively. The results for
inviscid simulation do not use the moving grid system but the wave coordinate system. These results
show that the lengths of the cells are not affected by the viscous effects. These lengths of the cells also
are not affected by the moving grid system. Therefore the present method can simulate adequately.
The instantaneous contours near the detonation front are shown in Fig.2(left). The present reso-
lution near the front increases more than the previous authors’ simulations. The shock waves near the
front can be observed clearly and the viscous effects appear near the upper and lower walls. The igni-
tion delays in the temperature and Hy mass fraction contours are observed near both walls as shown in
Fig.2(left). These features should be carefully estimated by using finer grid resolution than the present
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Figure 1: Present grid system and maximum pressure histories. Left: Computational grid in present
simulation. A grid point for every four points is plotted. Right: Maximum pressure histories in 2D
simulations.
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Figure 2: Instantaneous results and detonation velocities. Left: Instantaneous contours for NS+non-
slip(adiabatic wall). Right: Average detonation velocities durine one cvcle.
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Figure 3: Instantaneous Mach number contours and velocity vectors for NS+non-slip. Left: Whole
domain. Right: Close-up view near downstream boundary. D is the channel width.
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Figure 4: Comparison between calculated shock induced boundary layer profiles and theories.
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simulations.

Figure 3 shows the Mach contours and velocity vectors in the whole domain and near the downstream
boundary. These results present the effects of the wall boundary conditions. The detonation propagates
so fast that the isothermal wall is thought to be more realistic wall boundary condition. These results
show that a thick boundary layer develops from the detonation front for both cases. The thickness
of the boundary layer at the downstream boundary is approximately 10% of D for the adiabatic wall
and 20% of D for the isothermal wall, respectively, where D is the channel width. The boundary layer
cannot develop thicker than the present results because the pressure fluctuation due to the detonation
front impacts on the boundary layer. These results should be estimated carefully by comparing with the
results of the boundary layer development behind the moving shock wave[9].

Figure 2(right) shows the averaged detonation velocities during one cycle. Though the simulations
should be continued more than the present results, the detonation velocities for the adiabatic wall are
lower than those for the isothermal wall. This reason would be the displacement effects of the boundary
layer. As the boundary layer thickness for the isothermal wall is twice that for the adiabatic wall, the
pressure behind the detonation front increases to generate a piston effects on the detonation. These
features are also estimated by using the longer computational domain, finer grid near the wall, longer
simulation time, and comparing with simple analytical methods.

Finally, the moving shock simulation without combustion also estimated by using the present simu-
lation code. The shock Mach number is 1.9, Re = 50 x 10%/m, upstream gas is air, initial pressure is
0.1 MPa, and initial temperature is 300 K. The channel width is 3 mm and minimum grid size near the
bottom wall is 0.5 um. The wall is adiabatic boundary condition. The laminar flow is assumed. The
results and the comparison with the theories are shown in Fig.4. The velocity profiles in the boundary
layer agree well with the shock induced laminar boundary layer theory proposed by Sturtevant et al[10].
The velocity gradient in the boundary layer behind the moving shock wave is 60% larger than the Blasius
theory.

4 Conclusions

Two-dimensional full Navier-Stokes simulations on the detonations are presented in order to estimate
the boundary layer development behind the front. The multi-zone grid system is applied to resolve the
detonation front and the boundary layer behind the front. The present results show that the boundary
layer thickness behind the front is approximately 10% of the channel width for the adiabatic wall and
20% for the isothermal wall. The detonation velocities are also affected by the wall boundary due to the
boundary layer thickness.

Acknowledgements

This research was collaborated with SSS system in JAXA supercomputer system. This study was also
supported by Industrial Technology Research Grant Program in 2006 from New Energy and Industrial
Technology Development Organization(NEDO) of Japan.

References
1] Oran, E.S., Gamezo, V.N., Combustion and Flame 148(1-2), pp.4-47 (2007).
2] Kitano, S., Fukao, M., Susa, A., Tsuboi, N., Hayashi, A.K., Koshi, M., Proc. Comb. Inst. 32,
pp-2355-2362(2009).
3] Tsuboi, N., Hayashi, A. K., Koshi, M., Proc. Comb. Inst. 32, pp.2405-2412 (2009).
4] Lee, J. H. S., The Detonation Phenimenon, Cambridge Univ. Press (2008).
5| Fay, J. A., Physics of Fluids 2, pp.283-289 (1959).
6] Yee, H.C., NASA Technical Memorandum 89464 (1987).
7| Petersen, E.L. and Hanson, R.K., J. Propulsion Power 15, pp.591-600 (1999).
8] Gamezo,V.N., Desbordes, D., and Oran, E.S., Shock Waves 9, pp.11-17 (1999).
9] Tanaki, K., Inaba, K., Yamamoto, M., AIAA paper 2009-1529 (2009).
[10] Sturtevant, B., Okamura, T.T., Physics of Fluids 12, pp.1723-1725 (1969).

21°* ICDERS - July 27-31, 2009 - Minsk 4




<<
  /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 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


