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RESUME 
Afin de répondre à des objectifs aussi bien techniques que financiers, de plus en 

plus d’appareils de mesure sont installés en réseau d’assainissement, mais le choix 
des sections adaptées peut s’avérer délicat car les performances des matériels 
disponibles sont tributaires des conditions d’écoulements. L’objectif des recherches 
en cours est de développer une méthodologie d’aide à l’instrumentation des 
collecteurs d’assainissement. Ces travaux combinent des études numériques et 
expérimentales permettant de mieux connaître les contextes hydrauliques présents 
dans les collecteurs. Cet article présente un exemple d‘application sous forme d’une 
étude systématique de l’influence d’un coude sur la répartition des vitesses à l’aval 
d’un coude à 90°, et ses implications sur une mesure de débit utilisant un capteur de 
vitesse. 

ABSTRACT 
More and more measurement devices are implemented in sewer networks for 

various purposes. Selecting sections for conducting these measurements may prove 
difficult, as the efficiency of available devices strongly rely on hydraulic conditions. 
The current research project uses numerical and experimental investigations in order 
to improve the representativeness of the measurements performed in sewer networks 
by taking into the specificities. of each particular site Our purpose is to create an aid 
for designing the instrumentation of sewer sections. This paper presents an 
application for assessing the influence of a bend on velocity fields and its implications 
on flow measurements relying on velocirty sensors. 

MOTS CLES :  
Bend, computational fluid dynamics, metrology, velocity field. 
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1 INTRODUCTION 
Flow-rates and pollutant discharge measurements in sewer are presently developing, 
for a variety of purposes including research, operation, or performance evaluation. If 
we focus on the topic of flow-rates measurement in large sewers (i.e. with a 
characteristic size of cross-section larger than one meter), it commonly involves the 
measurement of velocity, for which several technologies are available. All these 
technologies imply some kind of spatial sampling of the velocity field. Some 
constraints must be fulfilled for this sampling to be representative, and able to yield a 
true mean value over a cross section. Indeed velocity sensors are parts of 
flowmeters, which embed some software for converting measured velocities into 
mean velocities. This conversion relies on assumptions on the velocity field, hence 
the constraints quoted above. 
 
These constraints may be expressed as general recommendations (i.e. straight 
reach, away from singularities, with uniform gradient and no sediment…), or 
sometimes as more precise rules (i.e minimum distance of 20 D downstream of a 
bend) (Bertrand-Krajewski et al., 2000). They are often hardly compatible with other 
constraints (purpose of the measuring point, access, security…) and trade offs may 
lead to a rather loose interpretation of the constraints regarding the sampling of the 
velocity. Moreover these constraints can in some cases be relaxed, provided a 
knowledge of the real velocity field is considered for computing the mean velocity.  
 
A methodology for qualifying candidate measuring sections (and designing suitable 
implementation of sensors, and suitable data processing as well) has been outlined 
by Larrarte et al. (2004). A key point of this methodology is the identification of the 
status of each candidate measurement site according to three categories: "no 
problem", "possible problem" and "not suitable". The criterion for this identification is 
the easiness of prediction of the velocity field for every water depth liable to occur. 
 
This identification could be achieved on the basis of computations, performed on 
typical configurations, with results expressed as functions of meaningful parameters. 
This paper is a contribution to this methodology, for the particular case of 
measurements downstream of a bend, in a circular section. 
 
This paper presents three-dimensional numerical modeling of velocity fields 
downstream various bends, and investigates the effect of the bend characteristics on 
the velocity field for various hydraulic situations. It also provides some clues about the 
distance of a significant downstream influence of a bend according to relevant 
parameter, as well as guidelines for the implementation of measuring devices. 
 

2 NUMERICAL STUDY 
The numerical procedure is using the CFD industrial package CFX for solving the 
three dimensional Reynolds averaged Navier-Stokes equations to predict the 
distributions of velocity over a cross-section. It involves a finite volume method with 
tetrahedric meshes. Simulations have been performed for different values of radius, 
different diameters D of circular pipes and for several water depths h and velocities 
(Gradient and roughness appeared as less relevant parameters in preliminary 
studies). 
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At the inlet, uniform velocity U  and water depth h are specified, and sufficient length 
is provided upstream of the bend to get a fully developed velocity profile. At the outlet, 
the relative averaged static pressure is maintained equal to zero on all the outlet 
boundary. At the solid walls, a no slip condition with a 2 mm roughness is applied. At 
the solid walls, a no slip condition with wall roughness is applied. In the near wall 
region, the standard wall function method proposed by (Launder et Spalding, 1974) 
has been used. That means the velocity components are equal to zero in the walls. 
Due to the non isotropic behavior of flows in narrow channels where the aspect ratio 
of the free surface width on the water depth h is smaller than 5 (Nezu et Nakagawa, 
1993), our study is based upon the Reynolds stress models of Speziale et al. (1991). 
 

Flow

x→ ∞x = 0
α = 90°

Downstream of the bend

R

α

Flow

x→ ∞x = 0
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Figure 1 : modelled domain 

 
In order to keep the computational time compatible with systematic investigations, the 
free surface is modeled as a rigid roof. This simulation does not predict the 
dissipation term near the free surface and then the dip phenomenon. However that 
simplification has been used for various reasons: 
• the main condition of zero shear stress at the free surface is correctly simulated 

thus this approximation is used by various authors, Czernusenko and Rylov 
(2000), Morvan et al. (2002), Rameshwaran and Naden (2003) for simulations in 
open channel flows, 

• as long as the flow is not developed, the secondary currents of Prandlt’s first kind 
are predominant and the dip phenomenon does not occur, 

• the numerical and experimental results are in good agreement (Larrarte et al., 
2004), 

• in the developed part of the flow, the difference between the mono and diphasic 
computations are smaller than 0.5 % for different water depths.  

 
The numerical results show that, downstream of the bend, the flow can be divided in 
3 zones: 
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• a strong heterogeneity zone: a vortex is created by the centrifugal force that 
generates the secondary currents of Prandlt’s first kind. A unique and important 

vortex exists (Figure 2a). The secondary currents velocity 22
s wvU += is 

about 10% of the maximum velocity in the section upstream of the bend; where v 
and w are the transversal and vertical components of the velocity, 

• a transition zone : the heterogeneity is small but the flow has not recovered is 
fully developed situation yet. There is still only one vortex but the velocity Us is 
about 2 to 3% of the maximum velocity, 

• a developed flow zone : the flow has recovered is fully developed behaviour with 
two vortex turning in opposite directions with a vertical downing component in the 
middle of the channel (Figure 2b). The velocity Us is about 2 % of the maximum 
velocity. The minimum distance necessary for the flow to re-develop is called the 
re-establishment length LR is this paper. 

 
a) x = 10B   b) x = 27B 

Figure 2 : secondary currents downstream of a bend in a 1.5 m pipe and h / D = 44% 
 

3 SINGULARITY INDEX 
To quantify the influence of the bend on the velocity field, a singularity index ISx has 
been defined for the Sx section: 

Un

))z,y,(U)z,y,x(U(
100I n

2

Sx

∑ ∞−
×=  

where U(x,y,z) is the local velocity in the section located at a distance x downstream 
of the bend, U(∞,y,z) is the velocity in the section downstream of the bend where the 
flow is fully developed, U  the mean velocity in the section. If this index is calculated 
between a fully developed flow and a strictly uniform flow, the index ISx is equal to 
3.2% for the water height equal to 0.66 m in the 1.5 m diameter circular collector. 
 

4 RESULTS 
Nivus (1999) specifies that in order to obtain reliable measurements downstream of a 
bend, the sensors have to be implemented at a minimum distance L: 
α ≤ 15°   L ≥ 3*B 
15<α ≤ 45°  L ≥ 5*B 
45<α ≤ 90°  L ≥ 10*B 
where B is the free surface width. 
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Figures 3 show the velocity fields at 10*B downstream of a 90° bend for a 1.5 m 
circular pipe with a given uniform velocity at the inlet: 

2/13/2
h iKRU =  

where K = 70 is the Manning Strickler coefficient, I = 4*10-4 m/m the slope. and Rh the 
hydraulic radius. It can be noticed that the velocity fields are not symmetrical and the 
maximum velocity Umax is shifted towards the outer side of the bend  whatever the 
water depth is. The curved isolines are becoming more and more vertical when the 
water depth increases. 

 
h / D = 44%, U = 0.68 m/s, Isx = 1.62  h / D = 51%, U = 0.73 m/s, Isx = 1.44 

 

 
h / D = 75%, U = 0.80 m/s, Isx = 1.16  h / D = 80%, U = 0.83 m/s, Isx = 1.05 
Figure 3 : velocity fields Ui / Umax at 10*B downstream of a bend in a 1.5 m diameter pipe 

 
Figures 4 shows that the radius of the bend has a very low influence on the singularity 
index excepted in a very short distance downstream of the bend. Further downstream, 
the index tends to a common minimum value of 0.5%. That value should be equal to 
zero but, due to numerical diffusion, that value is very difficult to obtain. Thus a value of 
0.5% has been taken, it correspond to the fact that less than 10% of the cross section 
has a difference greater than 10%. On the opposite, for a given radius, the diameter of 
the pipe has a great influence going up to twenty times the free surface width.  
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Figure 4 : Influence of the bend radius on the index of singularity for h/ D = 42%. 

 

 
a) U = 0,85 U    b) U  = 0.68 m/s 

 
c) U = 1,15 U    d) U = 1.0 m/s 

Figure 5 : velocity fields Ui / Umax at 10*B downstream of a bend in a 1.5 m diameter pipe 

 
In order to reach some generic rules, it is interesting to investigate the sensitivity of 
the velocity field to a change in the velocity given at the inlet. Figure 5 shows that 
there is not any influence on the non dimensional velocity field U / Umax. That means 
that a measurement of the maximum velocity in the cross section and a computation 
for U  = 1 m/s are able to give the velocity fields for all the pipes as long as the flow is 
sub-critical (we did not investigate the critical flows yet). 
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Figures 6 shows that the downstream influence of the water depth increases with the 
water depth up to a distance of twenty times the free surface width. Beyond this 
distance, the water depth has only little influence, in the range investigated. 
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Figure 6 : Influence of the water depth on the index of singularity for 1.5 m diameter pipe and  

a 9 m bend radius 
 

This can be seen on Figure 7. The ratio of the re-establishment length LR by the free 
surface width is a linear function of the of the filling ratio h/D of the water depth by the 
pipe diameter:            LR / B = 10 (h / D) +22.5 
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Figure 7 : influence of the filling rate on the influenced length. 
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5 CONCLUSION 
In order to help operators to implement measurement devices in sewers, we develop 
a methodology based on the potentialities of the computational fluid dynamics. One 
important step is the modelling  of generic situations, both the velocity field in a fully-
developped section and the influence of singularities can be assessed in real 
situations. This information is important for flow-rate measuring devices which rely on 
velocity sensors, like acoustic Doppler flowmeters. 
 
This paper presents the application to the velocity fields in a circular pipe with free 
surface flow downstream of a bend. It shows that the radius of the bend and the 
mean velocity do not have any influence on the velocity field for a particular 
combination of pipe diameter and water depth. Thus a single computation gives 
access to a wide range of situations. Moreover, the length influenced by the bend 
only slightly increases with the filling rate in the range investigated. On the opposite 
this length is proportional to the width of the free surface. 
 
This study has to be continued to investigate the influence of other singularities and 
geometries but it already suggests more precise recommendation to implement 
sensors downstream of a bend.  
 

BIBLIOGRAPHIE 
Bertrand-Krajewski J. L., Laplace D., Joannis C., Chebbo G., (2001), Quelles mesures pour quels 

objectifs, In : TSM, Vol. 2, pp. 45-56. 
Bradshaw P., (1987), Turbulent secondary flows, In : Ann. Rev. Fluid Mech., Vol. 19, pp. 53-74. 
Czernuszenko W., Rylov A., (2000), A generation of Prandtl’s model for 3D open channel flow, 

Journal of Hydraulic Research, Vol. 38, No. 2, pp. 133-139. 
Larrarte F., Jaumouillié P., Joannis C., (2004), Computational Fluid Dynamics : an aid for 

designing the instrumentation of sewer sections, Novatech 2004, Tome 1, pp. 729-736. 
Larrarte F., Bardiaux J. B., Battaglia P., Joannis C., (2006), Vélocimétrie Doppler : mise au point 

d’un protocole d’essai en laboratoire, Techniques, Sciences et Méthodes, génie urbain génie 
rural, No. 6, pp. 58-65 

Launder B. E., Spalding D. B., (1974), The numerical computation of turbulent flows, 
Computational Methods Appl. Mech. Eng., Vol. 3, pp. 269-289. 

Morvan H., Pender G., Wright N. G., Ervine D. A., (2002), Three dimensional hydrodynamics of 
meandering compound channels, Journal of Hydraulic Engineering, Vol. 128, No. 1, pp. 674-
682. 

Naot D., Rodi W., (1982), Calculation of secondary currents in channel flow, In : Journal of 
Hydraulic Division, Vol. 108, pp. 948-968. 

Nezu I., Nakagawa H., (1993), Turbulence in open-channel flows, IAHR-Monograph, A. A. 
Balkema Publishers, Rotterdam, The Netherlands. 

Nivus., (1999), Instructions pour le montage de capteurs de vitesse d’écoulement. 
Rameshwaran P., Naden P. S., (2003), Three-dimensional numerical simulation of compound 

channel flows, Journal of Hydraulic Engineering, Vol. 129, No. 8, pp. 645-652. 
Speziale C. G., Sarkar S., Gatski T. B., (1991), Modelling the pressure-strain correlation of 

turbulence: an invariant dynamical systems approach, In : Journal Fluid Mechanics, Vol. 277, 
pp. 245-272. 

 
 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /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
  /CreateJDFFile false
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /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.)
    /FRA <>
  >>
  /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 [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


