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1 Introductions

It has been shown that removing nitrogen from the oxidizer is an efficient method for CO,
capture. Hence, the oxy-combustion concept [1] has been proposed and studied for decades. In
addition, the emission of nitrogen oxide is also reduced. The oxy-combustion technique results in flue
gases consisting of CO, and H,O mainly, and producing a concentrated CO, for separation. In order to
reduce the flame temperature, the CO, is also recirculated and mixed with oxygen for combustion.
Flame propagation which is one of the significant factors controlling flame stabilization is an issue of
considerable fundamental importance to combustor design and has been studied for several decades.
For most of hydrocarbon flames, the triple flames play important roles of flame propagation in the
various stratified mixing layer. According to our previous study [2],[3], during flame propagation, a
complex combination of chemical reactions coupled with fluid dynamics during flame propagation
caused by the intrinsic chemical properties of the fuel is observed. On the other hand, the triple flame
of hydrogen fits the triple flame propagation theory more precisely as it propagates in vitiated coaxial
flow [3]. Following the similar methodologies, the ignition of fuel and the propagation luubehavior of
the jet flame base can be characterized based on the distribution of the isoline of the mixture fractions
as well as the flame's kinetic properties and the chemical reactions. For oxy-fuel combustion concept,
as methane flame propagating in O,/CO, stream, is the propagation behavior of the leading point of
the flame identical to that of the standard triple flame structure? Which interactions occur between
combustion products at higher temperatures and what is the subsequent propagation behavior? What
are the dynamics of the flame front and the chemical reactions? To further extend our previous work
and address these questions, and to delineate the effect of CO, in the oxidizer stream on the flame
propagation, the CH, laminar jet flame propagations in a quartz tube with O,/CO, coaxial flow are
numerically and experimentally investigated to delineate its burning phenomena, propagation, and
flame structures. The calculated heat release rate contours, mixture fraction isopleths, distribution of
radicals for propagating flames are presented. The distribution of radicals near the flame leading point
is extensively compared in terms of H and OH species, as well as mass flux to clearly delineate the
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flame structure near the leading edge. The radial distributions of heat release rate and significant
reaction step is also compared in the present study.

2 Methodology

Similar to our previous study [2], the experimental setup is schematically shown in Fig. 1. The
burner consists of a central and coaxial jet, and the fuel and oxidizer stream are modified by a well-
contoured settling chamber. The diameters of the central jet and coaxial jet are 5 mm and 30 mm,
respectively. A quartz tube 30 mm in diameter and 100 mm in length is attached to the exit of the
burner. The fuel from the central jet operates at a fixed velocity of 1.7 m/s. The oxidizer velocity at the
exit of the coaxial jet is also kept constant at 0.3 m/s. Research-grade CHy, O,, and CO, are measured
by electronic mass flowmeters and mixed in a mixing chamber prior to the settling chamber. The
uncertainty of the mass flowmeter for methane is £1.0% of the full scale. The conditions for the
present investigations of the fuel-O,/CO, flame propagation are listed in Table 1. A high speed camera
(Phantom V7.3) was used to capture the flame propagation process. To control the recording system
precisely, both the camera and ignition device were triggered by a pulse/delay generator for
synchronization. As the ignition device ignites the flame at the exit of quartz tube, the camera system
is also triggered. The imaging frequency of the camera system is 3000 Hz, and the images were stored
in built-in RAM (16GByte). The images can be transferred to a PC for further analysis via the USB
interface. The flame base is then identified with digital image processing, and the flame-propagation
trace can be expressed as a function of time. To numerically model the transient propagation of the
fuel-O,/CO, flame, the time-dependent governing equations of continuity, momentum, energy, and
chemical species are solved using the commercial package CFD-ACE+ 2010.0 coupled with chemical
kinetic mechanisms from GRI-Mech 3.0. The molecular transport and thermal data are obtained from
the CHEMKIN package and the code then calculates the thermal conductivity and viscosity of the
mixture using Wilke’s formula. The uniform flow of fuel and oxidizer stream at 1.7 m/s and 0.3m/s
respectively are specified at the inflow boundary of the computational domain. Fixed pressure
boundary conditions are imposed on the open boundaries of the quartz tube exit. Non-slip, non-
catalytic surface reaction and adiabatic conditions are applied to the quartz surface. The transport
model also includes thermal diffusion to account for the species diffusion due to the temperature
gradients. An axisymmetric, non-uniform staggered-grid system is used with a control volume
formulation in accordance with the SIMPLEC algorithm and is schematically shown in Fig. 1(b).
Noted that the flame coordinate for propagating flame is defined, and the axial origin is defined at the
tip of flame leading edge. To calculate the flame propagation coupled with GRI-mech 3.0 effectively,
a compromised grid was used in a grid-independence test. The total number of the grids was 61 in the
radial and 428 in the axial directions for a computational domain of 15 mmx100 mm and a minimum
grid spacing of 0.05 mm. The minimum grid size was placed near the axis and the fuel-oxidizer stream
mixing layer and an enlarged grid size was used toward the outer boundaries. Convergence of the
solution is declared when the ratio of change of the dependent variables to the maximum variables in
that iteration is less than 1x10™,

3 Results and Discussions

Selected photographs of the flame #1 and #2 are shown in Figure 2. According to these
photographs which are captured by high speed camera, the difference in the flame structures and
propagation traces for the different oxidizer composition can be identified. The calculated temporal
propagation traces along with the measured data are shown in Figure 3. To objectively validate the
computed results with the measured data, the origin is defined as the point at which the reaction zone
reaches the axial location x = 80 mm. The validation procedures are similar to those in our previous
study [2], [3]. In spite of a slight under-prediction of the flame propagation traces, the experimental
results still show that there is good agreement between the measured and computed results for the two
flame cases.
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The calculated heat release rate for flames #1 and #2 is shown in Figure 4. For flame #1, the three
red lines represent the equivalence ratio equal to 0.5, 1.0 and 2.0. The isoline is plotted based on
mixture fractions. Dissimilar to the standard triple flame, only rich-branch and lean branch is clearly
found. In order to further identify the flame base structure, the radial distribution of heat release rate at
X =3 mm for flame #1 and #2 as the flame reaches x = 50 mm are shown in Figure 5. In addition, the
computed distribution of the heat release rate along the isopleths of equivalence ratio ¢ = 0.5, 1.0, and
2.0 for flames #1 and #2 are shown in Figure 6. These results imply that the heat release region is
concentrated near the flame leading edge and the leading point. As shown in Figure 7, both H and OH
are generated in the reaction zone and play an important role in inducing methane pyrolysis by
upstream diffusion. As the concentration of oxygen is increased in the oxidizer stream, more H and
OH are produced to initiate fuel dissociation reactions. Figure 8 shows the radial distribution of
reaction rate of R99 (OH + CO—H + CO,) at X = 3 mm (flame coordinate) for flame #1 and #2 as
the flame reaches x = 50 mm. The results show that the reaction rate of R99 is negative in the rich-
premixed reaction zone. CO is a major intermediate of hydrocarbon flames and reacts with OH
through OH + CO<H + CO,. For the methane flame propagating in O,/CO, stream, CO, can be
decomposed with H atom.

4 Conclusions

The propagation phenomena of methane laminar flame in a well confined quartz tube with
0,/CO, are numerically and experimentally studied. Based on the distribution of the isopleths of the
mixture fractions and the chemical reactions, this paper characterizes the flame base structure, and the
propagation phenomena of the jet flame base.
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Table 1 Flame cases with various inlet conditions for coaxial oxidizer stream

case # Fuel Oxidizer stream Mixture fraction (labeled with no.)
CHy(vol%) m/s O, (vol%) CO,(vol%) m/s 1.0=0.5 2.¢9=10 3.9=2.0
100 1.7 40 60 0.3 0.0367 0.0755 0.1468
2 100 1.7 50 50 0.3 0.0500 0.0952 0.1739
methane flame propagation in 0,/CO, coaxial flow
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Figure 1 Schematic illusion of (a) burner, coaxial flow, confined quartz tube and the flame and (b) computational
domain with boundary conditions and the coordinate systems.
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Figure 2 Photographs of the flame #1 and flame #2
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Figure 3 Calculated and measured temporal propagation flame base traces.
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Figure 4 Flame Propagation and reaction zone in terms of heat release rate for (a) flame # 1 and (b) flame #2
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Figure 5 Radial distribution of heat release rate at X =3 mm (flame coordinate) for flame #1 and #2 as the flame
reaches x = 50 mm
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Figure 6 Computed distribution of the heat release rate along the isopleths of equivalence ratio ¢ = 0.5, 1.0, and
2.0 for: (a) flames #1 and (b) #2.
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Figure 7 Flame base structure of the propagating flame for (a) flames #1 and (b) #2 in terms of calculated H
contours, OH mass fraction isopleths (black), and the flux of H (orange vectors) and OH (black vectors).
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Figure 8 Radial distribution of reaction rate of OH + CO—H + CO, at X =3 mm (flame coordinate) for flame
#1 and #2 as the flame reaches x = 50 mm

References
[1] Toftegaard MB, Brix J, Jensen PA, Glarborg P, Jensen AD. (2010). Oxy-fuel combustion of
solid fuels. Prog. Energ. Combust. 36:581.

[2] Wu CY, Li YH, Chang TW. (2012). Effects of CO addition on the propagation characteristics of
laminar CH4 triple flame. Combust. Flame. 159:2806.

[3] Wu CY, Chen KH. (2014). Characterization of hydrogen triple flame propagation in vitiated
laminar coaxial flow. Int. J. Hydrogen Energ. 39:14109.

25" ICDERS — August 2-7, 2015 - Leeds 6




<<
  /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
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /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 <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /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


