
 

FLOW MECHANISM GENERATED BY THE HYPOLIMNETIC OXYGENATOR  

WEP SYSTEM IN A RESERVOIR

Hiroshi YAJIMA and Shingo MASUKI

   Physical characteristics about the flow generated by a hypolimnetic oxygenator called WEP system 

recently developed in Japan were investigated through field tests carried out in Sanbe Reservoir. Field 

data showed that the oxygen-rich water flow traveled nearly 500 m in four days at nearly the same height 

of the outflow opening of the device. The thickness of the intrusion, travel time and other important 

values were derived from the field data. They all showed the flow was similar to the intrusion of bubble 

plume after the plunging point and was controlled by inertia-buoyancy force, which is generated by 1 m 

difference between the intake and the outflow of the oxygenator. The wind profile data and spectrum 

analysis of the water temperature showed the possibility of the existence of internal wave, which was one 

of the main cause of the vertical displacement of the intrusion shown in the field data. 

     Key Words : WEP system, hypolimnetic oxygenator, reservoir, dissolved oxygen, 

      field tests, intrusion 

Fast

3849986 WEP

WEP

1960

Bubble Plume Plunge Point Intrusion

WEP

WEP

WEP

Intrusion



EL.127m 32m

0.23km
2

2.45×10
6
m

3である．2004

2006 4

WEP

  

WEP

5.5kW 15kW

60m
3

120m
3

1.4m 3.2m

PSA

10cm

1m

10m 50mg/L

20m 70mg/L

WEP

m

WEP

( EL103.5m)

No.0+70m 5.5kW

No.0+30m 15kW No.1+30m

2006 4 14

7 24 ( )

-4

2

 

WEP

WEP

No.1+30 DO



WEP

2006 8 11 9 9

10 9 28 29

15kW WEP

No.1+30

Intrusion
6)

5m 12m 2

-4

9 28

No.0, No.1, No.1+30, No.2, No.3, No.4, No.5, No.6, No.8, 

No.10 Sonde Hydrolab

9 28 3 1 5m

Sonde

No.1+30 

10m

Sonde

0 44

12m

Sonde

Intrusion

No.1+40, No.1+50, No.1+70 4, 5, 6m 9

Sonde 28 6

No.0+30, No.2, No.3 5, 6, 7m

29 0 No.1, No.1+40, No.1+60 12, 13, 

14m 1 2

 

Star-Oddi DST milli-T 1m 5

2 5m

No.1+50, No.2 3m 7m 12m  

No.1+40, No.1+60 11m 15m 1

 

5m Intrusion

Nortek Vector

No.1+30 DO

10cm

20cm  1

32Hz 10

4.147m 7.147m  

Intrusion

6) 8) 9)
 

v j
vi
x j

=
1 p

xi
+

2vi
x j
2             

vi xi p

1

Intrusion lr t 

t
1/2

lr t
1/2

t
2/3

t
3/4

Lemkert
6) パラメータG=(Qi

2
N/ν3

)
1/5

（ Qi Intrusion N 

 N
-1
G 

 

5m 12m

N
-1
G 56 10

3
20 10

3

100m

Intrusion

Entrainment Jet

Entrainment
10)

Entrainment

G 

吐出水深 運転時間 N (rad s
-1
) G 

5.0 m 
 9月28日15:01 

- 9月29日12:44  

1.55-1.89 

×10
-2
 

1279-1307 

12.0 m 
 9月29日12:44 

-9月29日16:30 

2.40-4.05 

×10
-2
 

1463-1536 

Intusion



12m

3 DO Entrainment

13.8 5m

12m Intrusion

DO

DO 0 mg/L

Intrusion

No.1+70 

DO DO

Intrusion

Intrusion

Intrusion

WEP DO

Intrusion

100m

Lemckert
6)

R

hi

hi 0.61
Qi

NR

 

 
 

 

 
 

1/ 2

         

R -1/2

-0.74

-0.34

WEP

Intrusion

hi 1.7
Qi

NR

 

 
 

 

 
 

1/ 2

         

 

9 29 9 3.2m

DO

DO

Intrusion 1m

80cm

Didden
11)

Intrusion

Intrusion

DO Intrusion

) Intrusion

WEP DO

 

DO Intusion  

DO Intusion  

Intrusion hi

G Intrusion



Inturison

Inturison

WEP Intrusion

Intrusion

Intrusion

Lemckert
6)

t 2/3

lr 0.40 QiN( )
1/ 3
t 2/ 3               

t 0.61

 

lr 0.56 QiN( )
1/ 3
t 2/ 3            

Lemckert Lemckert

bubbler

Intrusion

2006 5 7 11

4

500m 100m

2 1

Intrusion mm/s 

Tm

DO

Intrusion

3.5m/s

9 27 9

17

 

12m

N 0.04 0.07

Tm 2

h2

Tm =
2l

mCi

=
2l

m

h1 + h2
gh1h2

l (m) 850 

 1.27  

Ci (m/s) 0.26 

h1,2 (m) 12, 10 

Tm (hr) 1.8 (m=1), 0.9 (m=2) 



l m Ci

h1, h2

g ． 

No.1+60

13

1m 13 20cm

2

No.1+60 

0.78 0.33

N

Intrusion

shear wave

WEP

 

 

1) WEP

Bubble Plume Intrusion

 

2) Intrusion

  

3) Intrusion

100m 4mm/s (15m/h)

 

4) DO

 Intrusion

DO Intrusion

5)

WEP

Intrusion

Intrusion

Intrusion

Jörg Imberger

Charles Lemckert

1) Nowlin, W.H., EVARTS, J.L. and Vannni M.J. : Release rates and 

potential fates of nitrogen and phosphorus from sediments in a 

eutrophic reservoir, Freshwater Biology, 50 (2), 301–322, 2005. 

2) Beutel, M.W, Leonard, T.M., Dent, S.R., Moore, B.C. : Effects of 

aerobic and anaerobic conditions on P, N, Fe, Mn, and Hg 

accumulation in waters overlaying profundal sediments of an oligo-

mesotrophic lake, Water Res., 42, 1953-1962, 2008. 

3) Fast, A.W. and Lorenzen, M.W. : Synoptic survey of hypolimnetic 

aeration,  J. Envir. Engrg., ASCE, 102 (6), 1161-1173, 1976. 

4)  : WEP

(http://www.matsue-doken.co.jp/gijutsu/ 

gijutsu01.pdf). 

5) Asaeda, T. and Imberger, J. : Structure of bubble plumes in linearly 

stratified environments J. Fluid Mech., 249, pp.35-57, 1993. 

6) Lemckert, J.C. and Imberger, J. : Axisymmetric intrusive gravity 

currents in linearly stratifies fluid, J. Hydraulic Engineering, ASCE, 

119(6), 662-679, 1993. 

7) 2006. 

8) Didden, N. and Maxworthy, T. : The viscous spreading of plane and 

axismmetric gravity currents, J. Fluid Mech., 121, 27-42, 1982. 

9) Ivey, G.N., and Kerr, R.C. : Axismmetric withdrawal and inflow in a 

density-stratified container, J. Fluid Mech., 61, 115-137, 1989. 

10) Falcone, A.M. and Cataldo, J.C. : Entrainment velocity in an 

axisymmetric turbulent jet, J. of Fluids Eng., 125, pp.620-627, 2003. 

11) Didden, N. and Maxworthy, T. : The viscous spreading of plane 

and axismmetric gravity currents, J. Fluid Mech., 121, 27-42, 1982. 



<<
  /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


	header1339: 水工学論文集,第53巻,2009年2月
	NextPage1339: - 1339 -
	NextPage1340: - 1340 -
	NextPage1341: - 1341 -
	NextPage1342: - 1342 -
	NextPage1343: - 1343 -
	NextPage1344: - 1344 -


