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1. Introduction

Filtering layer makes the most important part of a filter and the device ef-
ficiency as well as filtrate parameters depend on its correct selection, therefore, it
should well stop suspended solids and make little hydraulic resistance for filtrate
stream. Permeability of such layers in the case of suspended matter liquid phase
and its ability to stop the solid phase depends on the size and shape of grain com-
prising the filtering layer. Flow of the medium in the gravitational filtration process
is a hydrodynamic phenomenon velocity of which is directly proportional to pres-
sure difference occurring on both sides of the filtering layer and inversely propor-
tional to the resistance that such medium meets during flow through, among other
things, pores of the filtering layer. Filtration velocity rises more slowly than the
pressure difference increase because in the case of increasing of the pressure dif-
ference, porosity of the filtering layer decreases and resistance increases (Ci-
borowski 1973, Piecuch 2007, Rup 2006). Process equations describe filtration in
partly idealised conditions in which impact of the process distorting factors is elim-
inated. Also in practical considerations an assumption is being made that porous
granular bed is not compressed during the filtration process accomplishment. How-
ever, thickness of the filtering layer decreases to a small degree under impact of
various factors (e.g. flow, pressure difference), resulting in increase of compression
coefficient and bed total resistance (Domski et al. 2017, Glodkowska et al. 2018).
Bed porosity as well as filtration and permeability coefficients decrease. Therefore,
the primary filtration equations cannot always be used without making proper cor-
rections (Zuzikow W. A. 1985, Piekarski 2009).

In this paper variation of values of selected parameters, i.e. bed porosity,
filtration coefficient, total resistance and volumetric flow rate depending on the
change of bed compression as a factor distorting the gravitational filtration pro-
cess are presented in mathematical form.
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2. Methodology of research

Quartz sand with a mass of 1000 g used in the tests was subjected to grain
size analysis. The data from screening were entered into FILTRA software, which
computed characteristic diameters and derived filtration bed grain size distribu-
tion graphs. The filtration bed was then put in a water-filled column of 5 cm di-
ameter and subjected to backwashing. In the next stage bed height was corrected
up to 30 cm. The initial difference between the water-table height in the filtration
column and filtrate in overflow tank was 36 cm. The bed infiltration column was
subjected to dynamic compacting, after each test series, obtaining various bed
compression height values.

The independent variable parameter in the gravitational filtration process
was the different bed height obtained in dynamic compaction, hence, the initial
difference of water-table height in the filtration column and in the overflow tank
as well as compression coefficient value. However, the main variable resulting
parameter of the process was the average time of water-table lowering in the fil-
tration column. The process parameters were entered into FILTRA software,
which computed the filtration coefficient values based on the variable pressure
method and through application of Hazen, Kriiger, Seelheim and Slichter empir-
ical formulas (Piekarski 2009). Numerical application based on the Kriiger and
Slichter formula provided bed porosity value. However, based on the values of
filtration and dynamic viscosity coefficients as well as medium density, the soft-
ware computed the filtration bed permeability coefficient value. Furthermore, the
application derived the total bed resistance and volumetric flow rate values (Pie-
karski 2009).

3. Test results and interpretation

The grain size nonuniformity coefficient of the tested bed, computed
from the grain size analysis (Figure 1), amounted to U=2.39. Grain reliable di-
ameter dy was 376 um, modal diameter dmo reflecting the maximum of mass
share curve fx(di) was 250 um. Medial diameter due equal to 50% of mass share
was 467 um, whereas: d;9=220 um, d20=296 um and dg=525 pm.

The non-compressed bed filtration coefficient after intense backwashing
(through the bottom of the bed) computed from laboratory tests through applica-
tion of the variable pressure method was 3.53E-4 m/s. After taking into account
of temperature value (T=22°C) density of water directed to the filtration process
was 997.79 kg/m®* and the dynamic viscosity coefficient value was
9.55E-004 Pa-s. Hence, the computed value of the permeability coefficient was
3.44E-011 m* Based on the grain size nonuniformity coefficient amounting to
U=2.39, empirical coefficient value Cy=463 was adopted, so the filtration
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coefficient value based on Hazen formula was 3.53E-004 m/s. However, the fil-
tration coefficient value based on Seelheim formula was 1.06E-004 m/s, and ac-
cording to Kriiger — 3.44E-004 m/s. Based on Slichter empirical formula, the
computed filtration coefficient value was 3.59E-004 m/s.
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Fig. 1. Filtration bed granular composition analysis with indication of characteristic
diameters

After transformation of Kriiger and Slichter formulas the calculated value
of bed porosity amounted to 0.44. The substitute diameter (taking into account
bed porosity value 0.44 and equivalent diameter 288 um) was 151 pum, hence,
according to Kozeny-Carman empirical formula, the permeability coefficient
value was 3.44E-11 m?, being equivalent to the value computed through applica-
tion of the variable pressure method amounting also to 3.44E-11 m?. The filtra-
tion bed total resistance value was 4.24E9 N-s/m’, whereas the value of volumet-
ric flow rate was 9.24E-7 m%/s.
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Due to dynamic compaction originating from 3.33% compression, bed sur-
face height was decreased by 10 mm. This resulted in reduction of the filtration
coefficient values by 1.14E-4 m/s and permeability coefficient by 1.21E-11 m?. Po-
rosity decreased by 5% (Figure 2). The total resistance value increased by
2.08E9 N-s/m’, which finally caused reduction of the volumetric flow rate value
by 3.20E-7 m*/s (Figure 3). Following further compaction bed surface height was re-
duced, with relation to its initial value, by 20 mm. In this particular case the bed was
compressed by 6.67%. Decrease of the filtration coefficient value by 1.75E-4 m/s
and permeability coefficient by 1.74E-11 m? was found. Porosity decreased by
8%. The total resistance increased by 3.60E9 N-s/m’, whereas the volumetric
flow rate value decreased by 4.50E-7 m’/s.
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Fig. 2. Impact of bed compression value change x [%] on the change of filtration
bed porosity value € [-] and filtration coefficient K [m/s] in the gravitational filtration
process
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Fig. 3. Impact of bed compression value change x [%] on a) the change of bed total re-

sistance value Rz [N-s/m°] and volumetric flow rate qv [m?/s] in the gravitational filtra-
tion process

In the subsequent stages of this research work, volume of free spaces in
the filtering layer porous structure decreased due to further dynamic compac-
tion (Table 1), which resulted in the bed surface lowering max. by 32 mm. This
resulted, finally, in increase of compression by approximately 11% and total re-
sistance by 4.79E9 N-s/m°. Values of filtration coefficient decreased by
2.05E-4 m/s and permeability — by 2.00E-11 m?. Porosity decreased by 11%. Fi-
nally, the volumetric flow rate decreased by 5.25E-7 m%/s.

At the second stage of tests, empirical equations presented in Figures 2
and 3, were checked. To do that, the filtration bed was subjected again to intense
backwashing (through the bottom of the bed) and tests for change of porosity and
volumetric flow rate values, depending on the change of compression values in
conditions different to those in the previous test part, were performed. FILTRA
software computed bed porosity through Slichter formula transformation whereas
the volumetric flow rate was computed based on Darcy equation. Bed total re-
sistance occurring in the equation was computed by the application using the
compression coefficient values variable. The test results are presented in Table 3.
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Tab. 3. Test results for impact of bed compression change on bed porosity values
change, total resistance and volumetric flow rate in the gravitational filtration process in
model and real conditions

Bed com- Bed poros- Bed total Volum?trlc flow rate -
pression ity resistance Modgl condi- ReaI. condi-
tions tions
X g Rz (-10%) qv (-:107)
o - N-s/m’ m’/s
0.00 0.44 4.24E+09 9.25 9.19
1.67 0.41 5.34E+09 7.33 7.17
5.00 0.37 7.15E+09 5.20 5.30
8.33 0.34 8.44E+09 4.35 4.21

Based on the graph presented in Figure 4 it can be stated that as compres-
sion values increased from 0 to 8.33, the volumetric flow rate calculated from the
model decreased from 9.25E-7 m*/s to 4.35E-7 m’/s, e.g. by 4.9E-7 m’/s (approx-
imately 47%), whereas in laboratory tests similar change was noted within the
range from 9.19E-7 m%/s to 4.21 m’/s, i.e. by approximately 4,98E-7 m%/s (ap-
proximately 46%).
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Fig. 4. Graph illustrating impact of bed compression values change x [%] on volumetric
flow rate values change qv [m*/s] in model and real conditions
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4. Conclusions

Based on the research work performed it can be stated that:

1. Filtration bed gets, due to action of various factors, compressed to insignifi-
cant degree. Reduction of its thickness, causes, depending on the shape and
size of grain making the filtering layer, decrease of porosity, therefore, de-
crease of filtration and permeability coefficients values and increase of bed
resistance value.

2. Due to compression phenomenon within the range from 0% to approximately
11%, amount of free spaces in the filtering layer porous structure decreased,
which is confirmed by decrease of porosity coefficient values within the range
from 0.44 to 0.33. Consequently, decrease of values of filtration coefficient
(from 3.53E-4 m/s to 1.48E-4 m/s) and permeability coefficient (from 3.44E-
11 m® to 1.44E-11m?) and increase of total resistance values (from
4.24E9 N-s'm™ to 9.03E9 N-s-m™) was found.

3. It is well-founded to use in the equations pertaining to filtration bed porosity
computation such parameter as bed compression. Furthermore, mathematical
equations originating from polynomial regression describing change of result-
ing variable parameter values for porosity, filtration and permeability coeffi-
cients as well as total resistance depending on bed compression values change
can be used with sufficient accuracy in description of the gravitational filtra-
tion phenomenon.

4. Analysis of bed porosity, depending on its compression in the gravitational
filtration process, should be further developed to a broader extent, in particu-
lar, with relation to the impact of solid phase occurring in the medium directed
to the process on bed compression because it has a significant impact on the
filtration process type.
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Abstract

Gravitational filtration process velocity is directly proportional to the pressure
difference occurring on both sides of the filtrating layer and inversely proportional to the
resistance that the medium meets during its flow through filtering layer pores. Velocity
of filtration increases at a smaller rate than the pressure difference increase because in the
case of the pressure difference increasing, filtrating layer porosity decreases and re-
sistance increases. Therefore, correct selection of the porous layer has impact on the fil-
tration device efficiency and filtrate parameters, so, it should stop suspended solids and
generate insignificant hydraulic resistance to the filtrate stream. Often an assumption is
made in practical analyses that granular porous beds do not get compressed during filtra-
tion process. However, due to action of various factors, thickness of the filtrating layer
reduces resulting in increase of compression and bed total resistance. Bed porosity and
filtration, as well as permeability coefficients values, decrease. Change of bed porosity
value can be determined through mathematical approach depending on, among other
things, bed compression change as gravitational filtration process distorting factor.

Keywords:
gravitational filtration, bed porosity, bed compression, mathematical modelling

Wplyw kompresji na porowatos¢ zloza
w procesie filtracji grawitacyjnej

Streszczenie

Szybko$¢ procesu filtracji grawitacyjnej jest wprost proporcjonalna do réznicy
cisnien powstajacej po obu stronach warstwy filtrujacej i odwrotnie proporcjonalna do
oporu jaki napotyka medium w trakcie przeplywu przez pory warstwy filtrujacej. Szyb-
kos$¢ filtracji wzrasta wolniej niz zwigksza si¢ roznica ci$nien, poniewaz w przypadku
zwigkszania ro6znicy ci$nien maleje porowatos¢ warstwy filtrujacej 1 wzrasta opor. Od
prawidtowego doboru warstwy porowatej zalezy wydajno$¢ urzadzenia filtracyjnego
oraz parametry filtratu, dlatego powinna ona zatrzymywac czastki state z zawiesiny oraz
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generowaé nieznaczny opér hydrauliczny strumieniowi filtratu. Czgsto w analizach prak-
tycznych zaktada si¢, ze ziarniste zloza porowate w trakcie procesu filtracji nie ulegaja
kompresji. Jednak na skutek dziatania r6znych czynnikéw zmniejsza si¢ grubos¢ warstwy
filtrujacej, czego efektem jest wzrost kompresji oraz oporu ogolnego ztoza. Zmniejsza si¢
porowatos$¢ ztoza oraz wartosci wspotczynnikow filtracji i przepuszczalnosci. W ujeciu
matematycznym zmiang¢ warto$ci porowatosci ztoza mozna wyrazi¢ mi¢dzy innymi w za-
leznosci od zmiany kompresji ztoza jako czynnika znieksztalcajacego proces filtracji gra-
witacyjne;.

Stowa kluczowe:
filtracja grawitacyjna, porowato$¢ ztoza, kompresja ztoza, modelowanie matematyczne




<<
  /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


