108
Norbert Eisenhauer, Bernd Hofmann, Matthias Maier, Karl Roth, Jan Rest
107
Flow Resistance Of Non-Movable And Movable Dunes In Pipe Flow

ISBN 978-83-927084-9-0

ISSN 1232-3071

FLOW RESISTANCE OF NON-MOVABLE AND MOVABLE DUNES IN PIPE FLOW

Norbert Eisenhauer1, Bernd Hofmann2, Matthias Maier2,
Karl Roth2, Jan Rest1
1University of Applied Sciences Karlsruhe, Moltkestr. 30, D-76133 Karlsruhe, Germany

Norbert.Eisenhauer@hs-karlsruhe.de
2Stadtwerke Karlsruhe, Dep. of Drinking Water Supply / Municipal Utilities of the City of Karlsruhe, Germany, Bernd.Hofmann@Stadtwerke-Karlsruhe.de
Matthias.Maier@Stadtwerke-Karlsruhe.de, Karl.Roth@Stadtwerke-Karlsruhe.de
Abstract. In open flow as well as in pipe flow ripples and dunes are formed when sediment is transported as bed load. The formation of ripples and dunes is associated with an additional flow resistance. In a test series the flow resistance of non-movable and movable dunes of different heights and surface roughness has been and is presently tested. This paper sums up the present state of investigations.
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1. INTRODUCTION

Sediments that move as bedload form ripples and dunes depending on the grain size. The formation of ripples and dunes increases the flow resistance compared to the plain bed. The height of the dunes depends on flow velocity, water depth and grain size. For free surface flow dune height increases with the flow velocity, Yalin (1972) and Zanke (1982).  In pipe flow the formation of dunes is also observed as demonstrated by the investigations of Fix (2011).
This paper presents the results of a test series on the flow resistance of non-movable dunes. The comparison with the results of Fix (2011) indicates that movable dunes have a lower flow resistance than non-movable dunes of the same size. From the measurements the average shear stress on the back of a dune can be calculated. Thus the application of transport equations that were set up for free surface flow can be tested.

2. TEST SET-UP

The tests were carried out in an acrylic glas pipe with an inner diameter of 139 mm. The pressure of the flow was measured on four cross sections by piezometric pressure sensors (fig. 1): One before (1) and behind (4) the dune, one at the crest (3) of the dune and one approx. at the half of the back (2) of the dune.
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Fig. 1 Schematic sketch of the test set-up

Three different types of fixed dunes were investigated (fig. 2-4):
· Type I: smooth dunes; dune height hD 2/4/6/7,5 cm 

· Type II: dune covered with rounded granular material (dg =3,3 mm); 

dune height hD 2,3/4,3/6,3/7,8 cm

· Type III: dune covered with broken material (2-5 mm); dune height  hD 2,5/4,5/6,5/8,0 cm.
The slope of the back of the dune was 1:10 in accordance to the observations of Fix (2011). Flow discharge varied from 10 l/s to 20 l/s (corresponding to flow velocities from 0,659 m/s to 1,318 m/s, resp. Reynolds numbers between 70000 up to 140000). The discharge spectrum has been passed through twice, one in increasing and one in decreasing direction. The pressure measured has been averaged on each cross section.
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Fig. 2 Type I dune
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Fig. 3 Type II dune
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Fig. 4 Type III dune

3. HEAD LOSS AND FLOW RESISTANCE 
As the flow losses of the smooth pipe could be neglected within the testing reach the loss coefficient of the dune ζD (Eq.1) and the corresponding flow resistance of the dune cD (Eq. 2) could be directly calculated by the pressure loss between cross section 1 and 4 
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where h is the pressure loss between cross sections 1 and 4, um the mean flow velocity, d the pipe diameter and AD the area of the dune projected in flow direction. 

In the figures 5 and 6 the results of the test series are shown. As the flow resistance did only show a minor dependency on the flow velocity the head loss can be averaged for the discharge spectrum. Loss coefficient and flow resistance increase with the height of the area blocked by the dune increases. For the rough dunes the values are only slightly higher and do not differ much on the type of roughness. This indicates that the main head loss is generated in the vortex behind the dune. 

In figure 6 the flow resistance of movable dunes as found by Fix (2011) are included. These show a lower value than for the non-movable dune. This is likely due to the fact that the moving sediment layer is interlaced by a separate water flow through the sediment layer itself. As a result the effective blocking area of the dune is less. At present this effect is further investigated. 
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Fig. 5 Head loss coefficients as a function of dune height for non-movable dunes
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Fig. 6 Flow resistance coefficient as a function of non-movable dunes
4. SHEAR STRESS ON THE BACK OF THE DUNE

By means of the pressure measurements it is possible to calculate the average shear stress on the back of the dune by a classical momentum approach.
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Fig. 7 Momentum approach to calculate shear stress on type I dune
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Where τ0 and τD is the shear stress at the pipe wall and at the back of the dune respectively, p the measured pressure at different cross sections, AP the pipe cross section, AD the blocking area of the dune, Aw the area of the pipe wall along the back of the dune, AD,B the area of the back of the dune, Q the discharge and u the flow velocity (Fig. 7). Equation 3 has been developed for the smooth dune (type I). It was assumed that the shear stress along the back of the smooth dune and along the smooth wall increase in the same way due to the acceleration of the flow.

The shear stress on the back of the rough dunes (type II and III) can be calculated by equation 3 including the increase by the shear stress that results from dune roughness. The latter can be calculated from the flow resistance coefficients. The additional shear stress Δτ is given by equation 4 or in dimensionless terms by equation 5:
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Fig. 8 Shear stress on wall an back of the dune for type I dune
[image: image12.png]At/(p*u?/2)

0.12

0.1

0.08

0.06

0.04

0.02

Typell

S/

e

0.2

0.4 0.6
rel. Height of dune hp/D

0.8

—Type lll





Fig. 9 Additional shear stress due to dune roughness

Applying the shear stress from fig. 8 and 9 on the investigations of Fix (2011) a satisfactory agreement could be found for the mass of sediment transported according to the formula of Meyer-Peter.
5. CONCLUSIONS

The results presented above showed clearly 
that non-movable dunes show a higher flow resistance than moving dunes. The approach of Naudascher (1987) for open channel flow to split the total flow resistance into a resistance due to the shape of the dune and a resistance due to the grain roughness has to be modified for dunes in pipes. Further investigations  will be carried out, i.e. on the effect of the movement of a separate water flow through sand dunes in water mains, on the modification of the dune shape parameters. 
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