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transfer over an inclined plate at a prescribed heat flux 
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Abstract: A steady laminar flow of viscous electrically conducting incompres-
sible fluid over a semi-infinite inclined porous plate, which was at a prescribed 
heat flux, with radiation, heat generation and chemical reaction is presented in 
this manuscript. The analytical solutions for velocity, concentration and tem-
perature were found in terms of an exponential function. The effects of various 
parameters, such chemical reaction, thermal Grashof number, radiation para-
meter, angle of inclination, etc., on the velocity and temperature are presented 
graphically. 

Keywords: heat transfer; mass transfer; heat flux; heat generation; concen-
tration; inclined wall; chemical reaction. 

INTRODUCTION 

Convection flow driven by temperature and concentration differences has 
been the objective of extensive research because such processes exist in nature 
and has engineering applications. The process occurring in nature includes the 
photosynthetic mechanism, calm-day evaporation and vaporization of mist and 
fog, while the engineering applications include chemical reaction in a reactor 
chamber consisting of rectangular ducts, chemical vapor deposition on surfaces 
and cooling of electronic equipment. The study of natural convection flow for an 
incompressible viscous fluid past a heated surface has important applications, 
such as the cooling of nuclear reactors, the boundary layer control in aerodyna-
mics, crystal growth and food processing and cooling towers. 

Moreover, when the temperature of the surrounding fluid is high, radiation 
effects play an important role that cannot be ignored.1,2 The effects of radiation 
on temperature have become more important industrially. Many processes in 
engineering areas occur at high temperatures and in such cases radiative heat 
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transfer become important for the design of pertinent equipment. Nuclear power 
plants, gas turbines and the various propulsion devices for aircraft, missiles, 
satellites and space vehicles are examples of such engineering areas. In such 
cases, the effects of radiation and free convection have to be taken into consi-
deration. For an impulsively started infinite vertical isothermal plate, Ganesan et 
al.3 studied the effects of radiation and free convection by using Rosseland ap-
proximation.4 The problem of radiative heat transfer with hydromagnetic flow 
and viscous dissipation over a stretching surface in the presence of variable heat 
flux was solved analytically by Kumar.5 

The problems of free convection and mass transfer of an electrically con-
ducting fluid past an inclined surface with the effect of a magnetic field has vast 
applications in geophysics, astrophysics and many other engineering areas. 
Chen6 studied the analysis of natural convection flow over a permeable inclined 
surface with variable wall temperatures and concentration. Hossain et al.7 studied 
free convection flow from an isothermal plate at a small angle to the horizontal. 
Anghel et al.8 presented a numerical solution of free convection flow past an 
inclined surface. Bhuvaneswari et al.9 studied an exact analysis of radiation 
convective heat and mass transfer flow over an inclined plate in a porous me-
dium. Sivasankaran et al.10 presented a Lie group analysis of natural convection 
heat and mass transfer in an inclined surface. In many engineering and physical 
problems in which a fluid undergoes exothermic or endothermic reaction, it is 
highly important to study the effect of heat generation and absorption. Therefore, 
the study of heat generation or absorption of a moving fluid is important in che-
mical reactions and those concerned with dissociating fluids. Chamkha and Kha-
lid11 introduced similarity solutions for hydromagnetic simultaneous heat and 
mass transfer with heat generation and absorption in natural convection from an 
inclined plate. Vajravelu and Hadjinicolaou12 studied the heat transfer boundary 
layer of a viscous fluid over a stretching sheet with internal heat generation. 
Kumar13 investigated heat transfer over a stretching porous sheet subjected to a 
power law heat flux in the presence of a heat source. 

Diffusion rates can be altered tremendously by chemical reactions. The 
effect of a chemical reaction depends on whether the reaction is homogeneous or 
heterogeneous. This depends on whether they occur in an interface or as a single-
phase volume reaction. In a well-mixed system, the reaction is heterogeneous if 
the reactants are in multiple phases and homogeneous if the reactants are in the 
same phase. In most cases of chemical reactions, the reaction rate depends on the 
concentration of the species itself. Kandasamy et al.14 studied thermophoresis 
and variable viscosity effects on the magnetohydrodynamics of mixed convective 
heat and mass transfer past a porous wedge in the presence of a chemical reac-
tion. Kandasamy and Devi15 studied the effects of chemical reaction, heat and 
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mass transfer on non-linear laminar boundary-layer flow over a wedge with suc-
tion or injection. 

In the present work, radiative heat and mass transfer over an inclined plate in 
the presence of a chemical reaction was studied when the wall is at prescribed 
heat flux. The effects of the chemical reaction, radiation parameters, the thermal 
Grashof number and the angle of inclination on the velocity and temperature 
fields were studied.  

MATHEMATICAL ANALYSIS 

Consider a steady laminar flow of an incompressible viscous electrically conducting 
fluid past a semi-infinite inclined porous wall with an acute angle φ  from the vertical in the 
presence of a chemical reaction and radiation. The wall is at the prescribed heat flux. The flow 
is assumed to be in the x-direction, which is taken along the semi-infinite inclined porous plate 
with the y-axis normal to it. A magnetic field of uniform strength B0 is introduced normal to 
the flow direction. In the analysis, it is assumed that the magnetic Reynolds number is much 
lower than unity so that the induced magnetic field can be neglected in comparison to the 
applied magnetic field. It is also assumed that all fluid properties are constant. Then, under the 
usual Boussinesq and boundary layer approximations, the governing equations of the mass, 
momentum, energy and concentration for steady flow can be written as: 
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The equation of continuity (1) with the boundary condition (5) changes to: 
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Assuming the Rosseland approximation4 for the radiative heat flux leads to: 
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If the temperature differences within the flow are sufficiently small such that T4 may be 
expressed as a linear function of the temperature, then the Taylor series for T4 about T∞, after 
ignoring higher order terms, is given by: 

 4 3 44 3T T T T∞ ∞= −  

Assuming the non-dimensional variables are as follows: 
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and using these non-dimensional parameters, Eqs. (2)–(4) are reduced to: 
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With the corresponding boundary conditions: 
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the solutions of Eqs. (7)–(9) with boundary condition (10) are as follows: 
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The wall shear stress is given by:  
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and the skin friction coefficient is defined as: 
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The recovery factor can be written as:  

 (0)θ= =fR d  (16) 

the wall mass transfer rate is: 
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RESULTS AND DISCUSSION 

A study of the velocity, temperature, concentration, skin friction, recovery 
factor and Sherwood number of the steady laminar flow of an incompressible 
viscous electrically conducting fluid past a semi-infinite inclined wall was per-
formed in the present research.  

The velocity as a function of Kc. is plotted Fig. 1 and the obtained results 
were compared with those of Kandasamy and Devi15 and good agreement was 
found. It can be seen from Fig. 1 that the velocity the fluid decreased with in-
creasing chemical reaction, which was considered to be a homogeneous first-
order chemical reaction. The diffusing species can either be destroyed or gene-
rated in the homogeneous reaction. The chemical reaction parameter can be 
adjusted to meet these circumstances if one takes Kc > 0 for a destructive reac-

 
Fig. 1. Dimensionless velocity against non-dimensional y for different values of Kc and GrT 

when Sc = 0.78, Pr = 1.0, S = 0.1, ω = 1.13, K = 1.0, M = 1.73, ϕ = 30° and Grc = 0.5. 
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tion, Kc < 0 for a generative reaction and Kc = 0 for no reaction. A destructive 
chemical reaction was assumed herein. 

The effect of the angle of inclination (φ ) on the velocity is shown in Fig. 2. 
The velocity decreases as φ  increases. The fluid has a higher velocity when the 
surface is vertical than when it is inclined because the buoyancy effect decreases 
due to gravity components (gcosφ ) as the plate is inclined. In the case of GrT < 0, 
it can be seen that φ  increases the velocity. This is because a negative GrT 
makes the rate of heat transfer also negative and at wall, the heat flux becomes 
positive, which accelerates the convection effect at the wall; the stream function 
for lower values of the thermal Grashof number become thinner (diluted) due to 
stronger convection, hence the velocity decreases. 

 
Fig. 2. Dimensionless velocity against non-dimensional y for different values of ϕ and GrT 

when Sc = 0.78, Kc = 0.2, Pr = 1.0, S = 0.1, ω = 1.13, K = 1.0, M = 1.73 and Grc = 0.5. 

The effects of ω on temperature is presented in Fig. 3, from which it can be 
seen that θ increases as ω increases or N decreases (because ω = 1 + 4/3N). 
Numerically, increasing the radiation parameter reduces the radiation effect; phy-
sically, increasing the radiation parameter leads to a decrease in the thickness of 
the thermal boundary layer. 

CONCLUSIONS 

In the present study, an analytical solution of steady hydromagnetic bound-
ary-layer flow over a semi infinite inclined plate, which is at prescribed heat flux, 
in the presence of chemical reaction, buoyancy, heat generation and thermal 
radiation. The flow equations were solved analytically and the obtained results 
were compared with earlier published work and found to be in good agreement. 
The velocity of the fluid decreases as the chemical reaction or angle of incli-
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nation increases. Radiation (increasing with 1/N) extends the thermal boundary 
layer and decreases the heat transfer from the surface to the fluid. 

 
Fig. 4. Dimensionless temperature against non-dimensional y for different values of ω when 

Pr = 1.0 and S = 0.1. 

NOMENCLATURE 

y horizontal coordinate (m) 
u axial velocity (m s-1) 
v transverse velocity (m s-1) 
T temperature of the fluid (K) 
T∞ far field temperature (K) 
c species concentration (mol m-3) 
c∞ far field concentration (mol m-3) 
cw concentration on the surface (mol m-3) 
g acceleration due to gravity (m s-2) 
βT coefficient of thermal expansion (K-1) 
βC coefficient of concentration expansion (m3 mol-1) 
ϕ angle of inclination (°) 
ϑ kinematic viscosity (m2 s-1) 
K′ permeability of porous medium (m2) 
σ electrical conductivity (S m-1) 
B0 magnetic field coefficient (T) 
α thermal diffusivity (m2 s-1) 
Q heat generation coefficient (W m-3 K-1) 
ρ density (kg m-3) 
cp specific heat (J Kg-1 K-1) 
q radiative heat flux in the y-direction (W m-2) 
D mass diffusion coefficient (m2 s-1) 
Kl rate of chemical reaction (s-1) 
q rate of heat transfer (W m-2) 
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k thermal conductivity (W m-1 K-1) 
uw surface velocity (m s-1) 
vw suction velocity (m s-1) 
σ′ Stefan–Boltzmann constant (W m-2 K-4) 
K* mean absorption coefficient (m-1) 
GrT thermal Grashof number 
Grc solutal Grashof number 
K dimensionless permeability parameter 
M2 magnetic field parameter  
Pr Prandtl number 
N radiation parameter 
S heat generation parameter 
Sc Schmidt number 
Kc chemical reaction parameter 
Y dimensionless horizontal coordinate 
U dimensionless axial velocity 
Θ dimensionless temperature 
C dimensionless species concentration  
Constants: a, b, d, ω, f, p1, p2, p3 and L2. 
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И З В О Д  

АНАЛИТИЧКО РЕШЕЊЕ ПРОБЛЕМА ПРЕНОСА ТОПЛОТЕ ЗРАЧЕЊЕМ И 
ПРЕНОСА МАСЕ СА ХЕМИЈСКОМ РЕАКЦИЈОМ НА КОСОЈ ПЛОЧИ 

ПРИ ЗАДАТОМ ФЛУКСУ ТОПЛОТЕ 

HITESH KUMAR 

Department of Information Technology, IBRI College of Technology, Ibri, P. O. BOX 466, Oman 

Математички модел стационарног ламинарног тока вискозног, електропроводног, 
нестишљивог флуида, преко полу-бесконачне косе порозне плоче, са задатим флуксом 
топлоте, са зрачењем, генерисањем топлоте и хемијском реакцијом, је приказан у раду. 
Аналитичка решења за брзину, концентрацију и температуру су добијена у облику екс-
поненцијалних функција. Утицаји различитих параметара, као што су хемијска реак-
ција, топлотни Грасхофов број, параметар зрачења, угао нагиба плоче, итд., на брзину и 
температуру су приказани графички. 

(Примљено 9. јула, ревидирано 24. септемнбра 2012) 

REFERENCES 

1. M. F. Modest, Radiative Heat Transfer, 2nd ed., Academic Press, New York, USA, 2003, 
p. 281 

2. R. Siegel, J. R. Howell, Thermal Radiation Heat Transfer, 4th ed., Taylor & Francis, New 
York, USA, 2002, p. 2 

3. P. Ganesan, P. Loganathan, V. M. Soundalgekar, Int. J. Appl. Mech. Eng. 6 (2001) 719 

________________________________________________________________________________________________________________________

2013 Copyright (CC) SCS

Available online at shd.org.rs/JSCS/



 AN ANALYTICAL SOLUTION TO THE PROBLEM OF RADIATIVE HEAT 881 

4. M. N. Özisik, Radiative Transfer and Interaction with Conduction and Convection, 
Wiley, New York, USA, 1972, 318 

5. H. Kumar, Thermal Sci. 13 (2009) 163 
6. C. H. Chen, Acta Mech. 172 (2004) 219 
7. M. A. Hossain, I. Pop, M. Ahmad, Int. J. Theor. Appl. Fluid Mech. 1 (1996) 194 
8. M. Anghel, M. A. Hossain, S. Zeb, I. Pop, Int. J. Appl. Mech. Eng. 8 (2001) 473 
9. M. Bhuvaneswari, S. Sivasankaran, Y. J. Kim, World Appl. Sci. J. 10 (2010) 774 

10. S. Sivasankaran, M. Bhuvaneswari, P. Kandaswamy, E. K. Ramasami, Nonlinear Anal. 
Model. Control 11 (2006) 201 

11. A. J. Chamkha, A. A. Khalid, Heat Mass Transfer 37 (2001) 117 
12. K. Vajravelu, A. Hadjinicolaou, Int. Commun. Heat Mass Transfer 20 (1993) 417 
13. H. Kumar, Thermal Sci.5(Suppl.2) (2011) S187 
14. R. Kandasamy, I. Muhaimin, A. B. Khamis, Heat Mass Transfer 45 (2009) 703 
15. R. Kandasamy, S. P. A. Devi, J. Comput. Appl. Mech. 5 (2004) 21. 

________________________________________________________________________________________________________________________

2013 Copyright (CC) SCS

Available online at shd.org.rs/JSCS/



<<
  /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




