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Abstract 

In this work, the riser (2.42 m high) and downer  (0,85 m high) sections with an ID of 82 mm in both, were analyzed 
to study the temporal fluid dynamics properties of a circulating bed system in terms of electrical signals of particles 
concentration obtained by an optical fiber probe. Experiments were conducted using ambient air as the fluid phase 
and FCC (fluid catalytic cracking) particles as the solid phase. The measurements with the optical fiber probe were 
conducted in the inlet and outlet zones of both riser and downer. Signals were evaluated in the phase space (chaos 
analysis), by reconstructing the attractors and calculating the Kolmogorov entropy and the correlation dimension. 
Results show that the downer presents a less chaotic flow, with lower values of Kolmogorov entropy and correlation 
dimension, compared to the riser. In the entrance of the downer, the flow is less complex and more predictable in the 
center due to the effect of the solid feeder. The flow develops in direction of the exit zone and at that position there is 
no much difference in complexity between the central and wall. In the case of the riser, at the entrance effect is 
caused by a question of configuration, due to a presence of a curve, making the solid concentration increase toward 
the wall. In the exit zone, the flow suffers the effect of the abrupt exit. 
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1. Introduction  

Circulating fluidized beds (CFBs) are widely used in the petrochemical industry (e.g. Fluidized 
Catalytic Cracking - FCC units), metallurgical industry (e.g. calcinators) and in the energy sector (e.g. 
coal combustors). The advantages of CFBs include high efficiency and flexibility in catalyst or heat-
carrier regeneration and control of the feeds [1]. In the case of FCC applications, the CFB can be divided 
into two basic parts, functioning as two separate reactors: the riser and downer. The riser reactor is 
characterized as a section of vertical transport in which there is a co-current contact between phases, 
flowing against the gravitational action. On the other hand, in tubular FCC downer reactors the co-current 
gas and solid phases move downwards.  

CFBs in which particulate and gaseous phases have upward flows (riser) are widely used in chemical, 
metallurgical and petrochemical industries. Risers have many advantages over the conventional bubbling 
and turbulent fluidized bed, such as high efficiency of gas-solid contact and reduced axial dispersion [2]. 
However, riser reactors still has some shortcomings such as the downflow of solids in certain positions 
(typically near the wall) and the formation of clusters and non-uniformity in the radial and axial profiles, 
thereby reducing the efficiency of gas-solid contact and selectivity. These disadvantages can be reduced in 
a downer reactor [3], where the flow moves downward. 

The local distribution of solids concentration, in particular its changes over time, are very important 
for any gas-solid operation. The time series of solid concentration contain information about the dynamics 
of the bed, and its transient behavior has influence on mass and heat transfers in CFBs. In this work, 
concentration signals are measured with an optical fiber probe in the downer and riser sections of a 
circulating bed. The time series gotten can be interpreted in the phase space domain (chaos analysis) and 
they are used to describe the fluid dynamics of the gas-solid flow.  

 

2. Experimental 

Experiments were performed in a laboratory-scale circulating bed (Figure 1). The riser section has 
2.42 m high and the downer has 0.85 m high, both with and an ID of 82 mm. The gas phase is ambient air 
(25 oC) and the solid phase is FCC catalyst (dp = 80μm, ρp = 902 kg/m3). The gas distributor consists of 
four nozzles and, in contrast to many CFBs studied previously, e.g. [1,4], the feeding of air is parallel to 
the feeding of solids at the entrance of the downer section. After passing through the downer, the flow 
pass through a curve, then it is conduced to the riser. This configuration seems like a J-valve and allows a 
weak restriction on the riser bottom zone. The exit structure of the riser is an abrupt T-shaped exit (elbow 
with projected end) which can cause a strong restrictive exit effect.  

Local measurements inside the riser were performed by means of a reflective-type optical probe (33 
cm in length and 6 mm in ID), composed of 37 fibers to measure local electrical signals of concentrations. 

Measurements of electrical signals relating to solids concentration were taken at two axial positions 
located in both  downer (Z = 0.05 and 0.80 m) and riser (Z = 0.25 and 1.87 m) sections. Five radial 
measurements (r/R = 0, 0.25, 0.50, 0.75 and 0.875) were performed at each axial position. Operating 
conditions of solids mass flow and gas superficial velocity are presented in Table 1. 
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2.1. Data Processing Technique 

Chaos analysis begins with the reconstruction of attractors in phase space. To quantify these attractors 
it is necessary to calculate the correlation dimension, D (a measure of the complexity of solids 
concentration fluctuations) and the Kolmogorov entropy, K (a measure of predictability of solids 
concentration with time), which are the main parameters for the characterization of chaotic dynamics in 
the system. 

In this study, the attractors were determined by the method of "Singular value decomposition", 
proposed by Broomhead and King [5]. Invariants of the system, DML (-) and KML (bits/s) were calculated 
by the "Maximum Likelihood Estimation", developed by Schouten et al. [6,7]. 

Using these parameters, the detection of change in the interaction between the phases present in flow 
(gas velocity and flow of solids) was studied in several axial and radial positions to map the fluid 
dynamics of this laboratory-scale circulating bed. 

 

 
Fig. 1: Schematic of the circulating bed unit 

 

Table 1. Operating conditions 

Solids mass flow, Gs (kg/m2.s) 0.076 0.164 0.164 0.296 0.472 0.648 

Superficial gas velocity, u0 (m/s) 4.21 4.21 5.26 5.26 7.36 8.42 

 

(8) 

(6) (5) 

(4) (3) 

(2) 

(1) 

(1) Cyclone 
(2) Main solids tank 
(3) Screw feeder 
(4) Gas distributor 
(5) Gás distributor 
(6) Gás distributor 
(7) Curve 
(8) Abrupt exit   

(7) 
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3. Results 

Different comparisons between downer and riser were made in terms of correlation dimension (DML) 
and Kolmogorov entropy (KML), as follows: 

 

3.1. Correlation dimension analysis  

Lower values of chaotic parameters are generally found for conditions with high solids 
concentrations. This is due to the fact that the presence of solids in the gas stream reduces the amount of 
turbulence and complexity of flow [8]. 

The radial profiles of correlation dimension are shown in Figure 2.  
In the downer inlet zone, the profile presents minimum values are in the central position, showing 

the flow is less complex in this region. As it approaches the wall, the values become higher, with 
maximum at r/R = 0.75, indicating a gas-solid suspension less uniform in this region. The lower values of 
DML in the central are due to the high concentration of solids in this radial position, caused by the particles 
feeding. At the entrance section of the downer, the solids jets are just starting to mix with air, causing a 
totally irregular radial flow, with higher solids concentration in the central region. 

In the exit zone of the downer, there is a more intensive mixing stage. The solids flow in this axial 
position is directed to the wall due to the exit effect caused by the curve. Thus the central zone is further 
diluted and complex, and as it approaches the wall, the flow becomes more concentrated and less 
complex. However, there is a slight increase when it reaches the position r/R = 1.0. Some studies [8,9] 
also reported this behavior in downers. This increase in DML can be attributed to interactions between 
solids and wall. 

In the case of the riser, the radial profiles are flatter in comparison to the downer, however the 
values of D are higher. This is due to the fact that the solid and gaseous phases are now better mixed. In 
the region of the wall, there is an increase of DML, except for the most dilute condition (Gs = 0.076 kg / 
(m2.s)). This fact can be explained by the interaction between the particles and the wall, attenuated by the 
passage of the flow in the curve before reaching the riser section. Furthermore, for more concentrated 
conditions, increasing DML toward the wall occurs due intermittent behavior of large agglomerates of 
particles in this region. The central region is more diluted, and has higher values of DML. This is because 
under tdiluted conditions, particles have high degrees of freedom, leading to more complex variations in 
solids concentration. 

In the exit zone of the riser, the behavior is similar. The profiles are flat and lower values of DML 
are found near the wall. However, when compared to the entrance zone, values of DML are greater. That 
occurs because the gas-solid mixture is more intense in this axial position. The wall effect was observed 
only in the more concentrated conditions (Gs = 0.472 kg/(m2.s)) and Gs = 0.648 kg/(m2.s)), where there is 
a small increase of DML in r/R = 1 0. 

 

3.2. Kolmogorov entropy analysis 

The radial profiles of Kolmogorov entropy are shown in Figure 3. In the case of the downer, in the 
inlet zone KML values increase towards the wall. In the exit zone, the flow exhibits flatter radial profiles 
with values slightly higher in the central region, corresponding to the dilute phase. Near the wall, where 
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there is higher solids flow, and high values of KML are mainly due to the interaction between solids and the 
wall. Due to the high solids flow directed towards the central region, KML values are low and almost 
independent of operating conditions.  
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Subtitle: 

Gs = 0.076 kg/(m2.s); u0 = 4.21 m/s

Gs = 0.164 kg/(m2.s); u0 = 4.21 m/s

Gs = 0.164 kg/(m2.s); u0 = 5.26 m/s

Gs = 0.296 kg/(m2.s); u0 = 5.26 m/s

Gs = 0.472 kg/(m2.s); u0 = 7.36 m/s

Gs = 0.648 kg/(m2.s); u0 = 8.42 m/s
 

Fig.  2. Radial profiles of correlation dimension (DML) in the inlet and outlet zones of (a) downer e (b) riser. 
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For the riser, it can be seen that the values of KML are much higher, indicating that the flow in this 

section is less predictable. At the entrance of the rrser, for some operating conditions, the flow tends to be 
more predictable, with lower KML near the wall. However, for the condition with Gs = 0.164 kg/(m2.s), for 
example, the opposite happens: the flow is more predictable in the central region, and tends to become 
more chaotic - or less predictable, as it approaches the region of the wall. This is a very diluted condition 
with pronounced effect of the interaction between particles and wall. 

In the exit zone of the riser, the KML values are very high, reaching 37.43 bits/s at  r/R = 0,5 in the 
operating condition with Gs = 0.296 kg/(m2.s). KML values are relatively low both in the region of the wall, 
due to the presence of a greater flow of solids in this position, as in the central region, indicating that the 
flow is also more predictable in the center. This phenomenon can be explained by the exit effect, which 
directs the particles to the central position, thus reducing the amount of turbulence and complexity of 
flow. 

 

 (a)Downer (b) Riser 
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Fig. 3. Radial profiles of Kolmogorov entropy (KML) in the inlet and outlet zones of (a) downer e (b) riser. 
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4. Conclusions 

The downer and riser sections of a circulating exhibit chaotic behavior indicated by positive values of 
Kolmogorov entropy. Higher values of correlation dimension (DML) and entropy (KML) were found in the 
riser, showing that the flow is more complex and less predictable in this section. 

When compared to the riser, the downer shows a less chaotic flow, with much lower values of DML 
and KML. At the entrance of the downer, the flow is less complex and more predictable in the center next 
to the solids feed. This occurs due to the periodicity offered by the solids feeding. At the exit, there is little 
difference in complexity between center and wall regions because the particles flow becomes more 
distributed as the flow develops.  

The inlet zone of the riser suffers a great effect of the curve, which provides additional acceleration to 
particles, so that the solid concentration is higher near the wall and smaller as approaching to the center. 
Depending on the solids flow used, one can find a less chaotic behavior close to the wall due to the 
particles concentration effect. However, for more dilute conditions, the turbulence and the interaction 
between particle and wall prevail, leading to a more chaotic behavior. In the outlet zone, the flow is 
influenced by the abrupt exit, directing the flow toward the center, making it more concentrated and less 
chaotic at this position. 

 
 

Nomenclature 

 

DML Correlation dimension, [-] 

dp particle mean diameter, [μm] 

KML Kolmogorov entropy, [bits/s] 

Gs solids mass flow, [kg/m2.s] 

r radial position, [mm] 

R radius of the riser, [mm] 

u0 superficial velocity of the gas, [m/s] 

Z axial position, [m] 

ρp Particle density, [kg/m3] 



302    G. J. de Castilho et al.  /  Procedia Engineering   42  ( 2012 )  295 – 302 

Acknowledgments  

The authors would like to acknowledge CNPq and FAPESP for the financial support of this project. 
 

References 

[1] Manyelle SV, Zhu JX, Khayat RE, Pärssinen JH. Analysis of the chaotic dynamics of a high-flux CFB riser using solids 
concentration measurements. China Particuology 2006;4:136-146. 

[2] Zhang H, Huang WX, ZHU JX. Gas-solids flow behavior: CFB riser vs. Downer. AIChE Journal 2001;47:2000-2011. 
[3] Zhu JX, Yu XQ, Jin YY, Grace JR, Issangya AS. Cocurrent downflow circulating fluidized bed reactor A state of art review, 

Can J Chem Eng 1005;73:667-677.  
[4] Zhu J, Yan A. Scale-up effect of riser reactors (1): axial and radial solids concentration distribution and flow development. 

Ind Eng Chem Res 2004;43:5810-5819. 
[5] Broomhead DS, King GP. Extracting qualitative dynamics from experimental data. Physica 20D 1986;217-236. 
[6] Schouten JC, Takens F, Van den Bleek CM. Estimation of the dimension of a noisy attractor. Phys Rev E 1994;50:1851-

1961. 
[7] Schouten JC, Takens F, Van den Bleek CM. Maximum likelihood estimation of the entropy of an attractor. Phys Rev E 

1994;49:126-129. 
[8] Manyele SV, Zhu J, Zhang H. Analysis of the microscopic flow Structure of a CFB downer reactor using solids 

concentration signals. Int J Chem React Eng 2003;1:A55. 
[9] Cheng Y, Wei F, Lin Q, Jin Y. A comparison of local chaotic behaviors in a riser and a downer. In: L.-S. Fan and T.M. 

Knowlton, editors. Fluidization IX, New York: Engineering Foundation, 1998, p. 613-620. 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /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 false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 100
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 100
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /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 <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>
>
    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
  >>
  /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
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


