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Thermal Fatigue Life Prediction of Ventilation Air Methane Oxidation Bed
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Thermal flow-reversal oxidation is the main technology that can effectively reduce emissions of
ventilation air methane. As the core component of coal mine ventilation oxidation devices, honeycomb
ceramic oxidation beds play a decisive role in the functionality of these devices. The thermal fatigue
properties of mullite ceramic — which is commonly used in oxidation beds — was tested in the present
research. Then, the service life of the oxidation bed was predicted according to the intensity
attenuation law and the thermal fatigue experimental data. The results of the fatigue experiment
indicated that in general, the bending strength of mullite ceramics decreases as thermal shocks
increase. At higher temperature differences, the bending strength decreased at greater rates. At the
temperature differences between 600 and 800°C, the bending strength initially declined. Then, after
reaching a certain value, it remained unchanged for a while before declining again. The results of the
equation that was developed from intensity attenuation theory and the thermal fatigue experimental
data indicate that the thermal fatigue life of an oxidation bed is about 1-8 months. The predicted
result is consistent with actual working conditions.
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Introduction. The gaseous mixture that is emitted by coal mine ventilation systems is
known as ventilation air methane (VAM). In VAM, the methane content is generally less
than 1%. VAM is usually discharged into the atmosphere directly, and little is recycled.
Methane has a very strong greenhouse effect. Its greenhouse effect is 21 times greater than
CO2. In addition, it causes 7 times more destruction to the ozone layer than CO, [1-4].

The thermal flow-reversal reactor is a good candidate to utilize the low methane
concentrations contained in VAM, and has been commercially used in Australia and China
[5, 6]. As the core component of coal mine ventilation oxidation devices, honeycomb
ceramic oxidation beds play a decisive role in the functionality of devices. The performance
of honeycomb ceramic oxidation beds determines the performance of the entire device. It is
therefore an important undertaking to create a method of predicting the lifespan of the
honeycomb ceramic. While most of the research has been focused on regenerative
oxidation beds’ heat transfer performance [7-9], few scholars have studied the service life
of a regenerative oxidation bed. To meet this need, thermal fatigue life of regenerative
oxidation bed is predicted in this paper.

1. The Thermal Fatigue Test.

1.1. Materials. Mullite ceramic was selected for use in the thermal fatigue experiments.
The specimens of the mullite ceramic are shown in Fig. 1. The specimen model was pressed
on a 30-ton hydraulic machine (the molding pressure is 25 MPa). The forming specimens
were sintered in an electric furnace at 1300°C. The basic physical parameters of the
specimens are shown in Table 1.

1.2. Methods. The specimens were first tested for fatigue by thermal shock. The
specimens’ bending strength was subsequently tested in order to obtain the representative
thermal fatigue properties of the materials. In the thermal shock process, the specimens
were placed into an electric furnace, which were heated to the preset temperature and kept
at that temperature for 20 minutes. Then, the specimens were removed from the furnace and
allowed to cool in the air to room temperature. The above steps were repeated according to
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Table 1
Basic Physical Parameters
Density Elastic modulus Poisson’s Flexural strength | Fracture toughness
(g/em®) (GPa) ratio (MPa) (MPa-m''?)
1.83 26.72 0.17 25.34 0.62
Table 2
Scheme of Thermal Shock
Temperature difference (AT, °C) Number of thermal shocks Number of specimens
200 5, 10, 20, 30, 8% 25
300 40, 50, 60, 70 8% 25
700 8% 25
800 8% 25

20 mm
j
o
3
3

100 mm

a b

Fig. 1. Mullite specimens (a) and specimen dimensions (b).

the thermal shock scheme. Considering the oxidation bed’s working temperature, the
thermal shock temperatures were selected in the range of 0 to 1000°C. The full thermal
shock scheme is shown in Table 2. According to GB3001-82, the bending strength of the
shocked specimens were tested on an universal testing machine (CMT5305), which was
produced by the SANS company. The loading rate was set at 0.5 mm/min. The residual
strength was calculated by the following formula [10]:

3PL

or= ) 1
S/ 2BW 2 )

where o, is the residual bending strength, Pa, P is the fracture load, N, L is the roller
span, m, B is the width of the specimen, m, and W is the height of the specimen, m.

Because of porosity, impurities, and cracks in the specimens, it was anticipated that
the measured strength value will have a lot of dispersions. To guarantee the reliability of the
experimental data, 25 specimens in each group in the experiment were used.

1.3. Results and Discussion. Figure 2 shows the thermal fatigue curves for the varied
temperature differencees. The curves show that for every temperature difference, the
bending strength declined as the thermal shocks increased. At the same time, the attenuation
laws of bending strength for different temperature differences were different. At temperature
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Fig. 2. Thermal fatigue test curve under different temperature differences: (a) at 200 and 300°C; (b) at
400 and 500°C; (c) at 600, 700, and 800°C.

differences of 200 and 300°C, the bending strength declined slowly with the increase of the
thermal shocks. For these two specimens, the largest drops of the bending strength at the
temperature differencees were 1.4 and 2.1 MPa, respectively. At temperature differencees of
400 and 500°C, the bending strength declined more quickly. The largest drops in the
bending strength were 5.8 and 7.6 MPa, respectively. At temperature differencees of 600,
700, and 800°C, the attenuation law of bending strength was significantly different from the
previous specimens. With the increase in thermal shocks, the bending strength declined
first. After reaching a certain value it remained unchanged for a while before declining
again. As the specimens were shocked for the first 10 times, the high thermal stress caused
cracks, which in turn caused the bending strength to drop sharply. In the range of 1040
shocks, the bending strength remained unchanged because there was no new crack
generation, and the existing micro crack continued to develop in depth and length. A
schematic diagram of the crack’s extension is shown in Fig. 3. After 40 shocks, the strength
continued to decline.

AY - ’ ' / l
NN
s N AN
\ N \ AN 7
a b

Fig. 3. Schematic diagram: (a) 0—-10 shocks; (b) 1040 shocks.
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2. The Fatigue Life Prediction of Regenerative Oxidation Bed.

2.1. The Intensity Attenuation Theory. The exact damage process is difficult to
determine because of its complexity. It includes a number of factors, such as the development
and accumulation of micro cracks under thermal stress, grain boundary phase softening,
and hole size increases caused by creep or oxidation at high temperature. Still, no matter
what the damage mechanism is or how the damage process develops, the macroeffect is that
the residual strength of the ceramic is gradually decreased [11, 12].

Wang et al. [11] found that the intensity attenuation curves of ceramic materials can
be classified into several distinct types. As shown in Fig. 4, as the thermal shocks increase,
the residual strength can either:

(i) remain unchanged (curve A);

(i1) have a linear decreasing trend (curve B);

(iii) initially decrease and then remain unchanged at a certain value (curve C);

(iv) slowly decrease (curve D);

(v) exhibit a decreased acceleration (curve E).

Bending strength

N I T T NI T I

Thermal shock cycles

Fig. 4. Different types of damage curve.

All of the above curves can be described by Eq. (2):

9o ;s (N)

— 1-
o =alo ()1 @)
The formula can be converted into
0’7 (0)—o'f(N)=maN, (3)

where o (0) is the original strength, N is the number of thermal shocks, o ,(N) is the
strength after N shocks, and parameters m and a are related to materials and thermal
shock conditions.

2.2. Life Calculation of Oxidation Bed. A fatigue equation for mullite ceramic was
formulated based on the intensity attenuation equations and the thermal fatigue experiment
data. From the resulting equation, the figure life of oxidation beds can be predicted by
combining the equation with the oxidation bed’s maximum thermal stress, which is
obtained by numerical simulation.

According to the results of numerical simulation of oxidation beds, the temperature
difference is normally about 240°C at a steady working state and the maximum stress is
22.4 MPa. To predict the thermal fatigue life of oxidation bed, the thermal fatigue life
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between AT = 200 and 300°C was calculated to estimate the life span of a ceramic bed at
AT = 240°C.

2.2.1. The Establishment of the Thermal Fatigue Equation. Based on the intensity
attenuation equation and the experimental data, the fatigue life equations of mullite
AT = 200 and 300°C were developed. The related experimental data is shown in Tables 3
and 4.

Table 3
Fatigue Experiment Data at AT =200°C

Numbers of thermal shock 0 1 5 10 20 30 40
Residual intensity (MPa) 25.36 24.95 24.68 24.33 23.92 23.53 23.03

Table 4
Fatigue Experiment Data at AT = 300°C

Numbers of thermal shock 0 1 5 10 20 30 40
Residual intensity (MPa) 25.36 24.97 24.60 24.16 23.60 23.23 22.70

According to Eq. (2) and Tables 3 and 4, the thermal fatigue equation at AT = 200
and 300°C can be obtained using an Isqcurvefit function (Matlab). They resulting equations
are

o 5127(0)- 0 %127 (N)=109760-81207-N (AT = 200°C), (4)
0 7P (0)-0 P (N)=105630-7325-N (AT = 300°C). (5)

The graphs of Egs. (4) and (5) are shown in Figs. 5 and 6.

It can be seen from Figs. 5 and 6 that both the curve for AT = 200°C and the curve
for AT = 300°C belong to curve type E. With E type curves, after the number of thermal
shocks reaches a certain value, the residual strength decreases at an accelerated rate as the
number of thermal shocks continues to increase. Therefore, the calculated life of the
material [0 (N )= 0] at AT = 200and 300°C is 287,207 and 25,224 cycles, respectively.
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Fig. 5. Damage curve at A7 =200°C. Fig. 6. Damage curve at AT = 300°C.

2.2.2. Fatigue Life Estimation of Regenerative Oxidation Beds. The maximum stress
of oxidation beds is 22.4 MPa. This can be plugged into Egs. (4) and (5) in order to obtain
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the oxidation bed’s life. The resulting life is 183,711 cycles at AT = 200°C and 15,178
cycles at AT = 300°C.

2.3. Validation and Analysis. In numerical simulation of oxidation beds, both the heat
released time and heat storage time is 60 s. This means that the oxidation bed was shocked
once every 2 minutes. If the regenerative oxidation bed worked continuously, the service
life of oxidation bed would be between 0.702 and 8 months. According to the statistics of
various kinds of engineering applications, the service life of the honeycomb ceramic
oxidation bed is generally no less than 2-3 months. Sometimes, oxidation beds last as long
as 6—12 months. For example, mullite honeycomb ceramic is used in steel rolling heating
furnaces to recover flue gas heat. At low temperatures, the service life of a heating furnace
can reach six months. At high temperatures, the service life of the heating furnace is no
more than 3 months. Therefore, the predicted results are reasonable.

In practical applications, the actual service life of a given oxidation bed will be
influenced by various conditions. For the oxidation beds that are used in VAM thermal
flow-reversal reactors, if the service life of the oxidation bed is too short, running costs of
the thermal flow-reversal reactor will be greatly increased. In order to effectively extend the
service life of the oxidation bed, the gas flow reversing cycle has been widely extended.

Conclusions

1. On the whole, the bending strength of mullite ceramics had a decreasing trend as
thermal shocks were increased. The bending strength at different temperature differences
had different trends: at AT = 400 and 500°C, the bending strength decreased more quickly
than it did at AT = 200 and 300°C; at AT = 600, 700, and 800°C, as subcritical extension
of cracks occurred, the bending strength declined initially, and after reaching a certain value
it remained unchanged for a while and then declined again.

2. Based on intensity attenuation theory and thermal fatigue data, the thermal fatigue
equations at AT = 200 and 300°C were established. The fatigue life of mullite ceramic at
AT =200 and 300°C is 2.8-10° and 2.5-10% cycles, respectively.

3. According to the results of the simulation, the thermal fatigue life of an oxidation
bed is 1-8 months. This result is consistent with observations of oxidation beds that are
subjected to actual working conditions. These results illustrated that the prediction method
is reasonable.

Acknowledgments. This work is supported by a grant from the National High
Technology Research and Development Program of China (863 Program) (2009AA063202)
and the Shandong Province Natural Science Fund (ZR2013EEQ008, ZR2011EL017).

1. Y. P. Cheng, L. Wang, and X. L. Zhang, “Environmental impact of coal mine
methane emissions and responding strategies in China,” Int. J. Greenhouse Gas
Control, 5, 157-166 (2011).

2. K. Warmuzinski, “Harnessing methane emissions from coal mining,” Process Safety
Environ. Protect., 86, 315-320 (2008).

3. K. Gosiewski, Y. Sh. Matros, K. Warmuzinski, et al., “Homogeneous vs. catalytic
combustion of lean methane-air mixtures in reverse-flow reactors,” Chem. Eng. Sci.,
63, 5010-5019 (2008).

4. Y. X. Yuan, “Emission and utilization of coal mine VAM,” Energy and Energy
Conservation, 11, 55-57 (2012).

5. L Karakurt, G. Aydin, and K. Aydiner, “Mine ventilation air methane as a sustainable
energy source,” Renewable and Sustainable Energy Reviews, 1, 1042—-1049 (2011).

18 ISSN 0556-171X. IIpobnemsr npounocmu, 2016, Ne 1



Thermal Fatigue Life Prediction ...

10.

11.

12.

P. F. Wang, T. Feng, and X. L. Hao, “One-dimensional numerical simulation of
thermal reverse-flow oxidation of ventilation air methane in coal mine,” J. Min. Safety
Eng., 29, 435-439 (2012).

M. M. Mao, Y. Q. Liu, B. Zheng, et al., “Investigation of temperature distribution
uniformity in a preheating catalytic oxidation bed,” J. China Coal Soc., 40, 109-114
(2015).

P. Y. Sang, L. Chen, X. N. Zhang, et al., “Mine diluted gas low concentration gas
oxidation numerical simulation research,” Coal Chem. Industry, 37, 24-27 (2014).

P. F. Wang, T. Feng, S. L. Li, et al., “Resistance characteristics of thermal reverse
flow oxidation bed for coal mine ventilation air methane,” Natural Gas Industry, 32,
73-77 (2012).

Z.Z.Jin, Y. W. Bao, and X. M. Yue, “High temperature fatigue strength degradation
theory for structural ceramics,” High Technol. Lett., 12, 31-36 (1994).

J. Z. Wang, Z. Z. Jin, H. Wang, et al., “Research on thermal shock fatigue of
refractories,” J. Chinese Ceram. Soc., 28, 91-94 (2000).

Z. X. Li, X. S. Wang, and Z. G. Wang, “Analysis on the devastate mechanics of
ceramic regenerative materials,” Metallurgy and Energy, 22, 43—45 (2003).

Received 03. 08. 2015

ISSN 0556-171X. IIpobaemor npounocmu, 2016, Ne 1 19




<<
  /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 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 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /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 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /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 false
  /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 (None)
  /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


