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Abstract

The present thesis describes the transport phenomena of non-cohesive sediment in sea outfalls from an experimental and numerical point of view. The non-cohesive sediment used during the course of the whole study was fine and artificial sand from a gravel pit near Horsens in Denmark denoted as Sand N0. 0000.
Outfalls as well as sewers have been designed on the concept of the self-cleansing criteria, where sediments are expected to move continuously without deposition. Nevertheless, due to erratic nature of flow deposition of solids in these systems occurs, particularly at low flows periods. 
The two central elements of the project is the development of the numerical model and a matching physical model in the laboratory. The numerical model covers both sediment transport over bed accumulations as well as transport over clean bottom. The physical modeling emphasizes on measurement of the non-steady removal and transport of well-defined and limited accumulations along the pipe. 
Experiments on sediment transport (especially bed load) of non-cohesive sediments following “without deposition” criteria were carried out in both a pipe of 240 mm dia. and a rectangular flume of 300 mm in width and 300 mm in depth, both running full.
A one dimensional numerical model was developed describing the sediment distribution along the pipe as well as predicting the transport time and velocity needed to erode and clean the pipe. Hence, numerical modeling was developed with the purpose to find an approach to formulate the self-cleansing criteria with a formula that included in the model, will give relatively similar results as experimental data. The transport of non-cohesive sediment is modeled by solution of the continuity equation for bed sediments. Ackers – White sediment transport theory was implemented in the description of the non-cohesive sediment transport. The model was calibrated using the laboratory experiments.
As part of the project, a paper was written in describing modeling of sediment transport in outfalls, with focus on the self-cleansing problem occurring due to the daily flow variation seen in these water structures. The paper contains results from both the physical and the numerical modeling.


[bookmark: _Toc295944411]Dansk Résumé 

I dette afgangsprojekt beskrives transportfænomenet for ikke-kohæsivt sediment i marine udløbsledninger set fra en eksperimentel og numerisk synsvinkel. Det ikke-kohæsive sediment anvendt i dette studie var fint sand (Sand No. 0000) fra en grusgrav nær Horsens i Danmark. 
Såvel udløbsledninger som kloakker har traditionelt været designet efter konceptet om selvrensning, hvor sedimenter forventes at flytte sig kontinuert uden deposition. Ikke destromindre opstår der deposition af materiale i disse systemer, specielt under perioder med lav vandføring. 
De to centrale elementer i projektet er udviklingen af en numerisk model og en tilsvarende fysisk model i laboratoriet. Den numeriske model dækker sedimenttransport over såvel akkumuleret sediment som sedimenttransport over sidementfri bund.  
Eksperimenter med sedimenttransport (specielt bundtransport) af ikke-kohæsivt sediment der følger kriteriet for selvrensning blev udført i såvel et 240mm fuldtløbende rør som i en 300mm bred og 300mm dyb strømrende.
En éndimensionel numerisk model blev udviklet til beskrivelse af sedimentfordelingen røret såvel som forudsigelse af transporttiden og hastigheden der skulle til for at borterodere allerede opbygget sidement og holde rører rent. Således blev den numeriske model udviklet med det formål at beskrive et selvrensningskriterie der stemmer overens med resultaterne af den fysiske model. Transporten af ikke-kohæsivt sediment blev modelleret ved løsning af kontinuitetsligningen for bundsediment. Ackers-White sedimenttransportteori blev anvendt i beskrivelsen af den ikke-kohæsive sedimenttransport. Modelen blev kalibreret med data far den fysiske model. 
Som en del af projektet blev der udført en artikel omhandlende modellering af sedimenttransport i udløbsledninger med fokus på selvrensningsproblematikken på grund af de daglige vandføringsvariationer der ses i disse systemer. Artiklen indeholder resultater fra både den fysiske og den numeriske model. 
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1. [bookmark: _Ref294617775][bookmark: _Toc295944414]Introduction

The movement of sediment, mainly in sewers, has been the subject of studies in the latest years due to the fear of pollution in ditches. In recent years, attention has focused on studying complex sewer systems that cities have developed. The problems in such systems are mostly similar to those present in rivers or open channels, however, the only difference is that sewer systems are made from the man kind and the main problem is to design the systems in that way that both water and sediment presented can be transported satisfactory (Gonzales, 1991). Even though the majority of the experimental studies on sediment transport are mostly conducted in sewers the hydraulic principles upon which they are based can still be applied to outfall systems. In the 90-ties sewer sediment transport was included in the commercial computer packages for example in MOUSE (DHI software, Denmark) and Hydro Works / Info Works CS (Wallingford Software, United Kingdom). It seems well-argumented that these models can cover sea outfalls also.
Furthermore, any sewerage, storm drainage or sea outfall system should be dependent on the requirement that all pipes should be self-cleansing. This means that there will not be any progressive build-up of sediment deposition along the pipe. Hence, many sewerage systems have been traditionally build in the way so they can run by gravity. Nevertheless, most of the systems suffer from the problems of considerable variation in flow velocity. In this way, the necessary condition for all the sediments entering the system to be transported through, becomes a crucial element of hydraulic design (Ackers, 1991).
On the other hand the design practice regarding self-cleansing is not based fully on rational causal considerations. As mentioned, because of the daily variations in the flow, it is difficult to satisfy a minimum standard for velocity or shear stress all 24 hours of the day. Most often the criterion is formulated as a minimum which has to be fulfilled at least 1 – 2 hours of the day. This implies that an accumulation of sediments can built up during the night and then be flushed out during the day. In order to sustain self-cleansing in a long-term perspective it is necessary that all sediments are removed every day in the high-flow hours.
Most of the sewers have been designed mainly on a single critical criterion which could be either velocity or shear stress, with the aim of keeping the sewers free of any sediment deposition. Given the fact that not many researches are made concerning sediment transport in outfall systems, one should bear in mind that, there is a big difference between sewer systems and sea outfalls which consist on the running conditions. Sewer systems run mainly half full and under steady conditions, while outfall systems run always full bore and unsteady and non-uniform conditions. The figures 1 and 2 below show the differences in flow velocity and wall shear stress between ordinary part-full running sewers and full-running sea outfalls in respect to variations in the flow. 
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	Figure 1, Relative flow velocity (V/Vmax) in circular pipeline as function of relative flow (Q/Qmax.). The blue trendline corresponds to part full pipe where Qmax occurs when pipe is running half full. The red trendline is full running pipe

		Figure 2, Relative wall shear stress (τ/τmax) in circular pipeline as function of relative 
low (Q/Qmax.). The blue trendline corresponds to part ful
 pi
e where Qmax occurs when pipe is running half full. The red trendline is full running pipe





It is seen that the variations in sea outfalls are considerably larger than in sewers. This indicates that experiences from sewer systems only with some caution can be transferred to sea outfalls. 
From many research works (Mayerle et al 1991, May 1982, Ackers 1978) has come into light that the limiting criterion gives conservative results mainly for small sewers however, these results has not yet given enough evidence to prevent the sediment deposition in larger sewers (Ghani, (November 1993)).

1.1. [bookmark: _Toc295944415]Brief history and design of marine outfalls

A sea outfall is a long pipeline or a tunnel placed more or less perpendicular to the shore line and reaches a length of 0.5 km to 10 km out of the coast. The outfall ends with a section called diffuser, which consist of a number of openings denoted ports. From here the sewage coming out of the outfall pipeline, is discharge in the horizontal direction. Nowadays the diffuser can be placed also vertically to avoid sedimentation in that part of the pipeline. The design of the sea outfall covers a number of stages corresponding to various objectives that should be fulfilled; however one of those with main interest to the subject is the internal hydraulics design. (Larsen, 2000). The aim is to ensure that this structure has the sufficient hydraulic capacity to transport the predicted design flow. Insufficient flow means impossibilities for flushing out the sediments, creation of air pockets and saline intrusions. 
[image: ]
Figure 3, Schematic view of a marine outfall placed on the sea bed

The purpose of building the first marine outfall was related to the concern of water quality in relation to the discharge of sewage into the sea. The apprehensions for the bathing waters made human kind to think again about when and where to discharge the urban water. The solution was basically to send the waste water so far away from the coast that any interaction with human activities was prevented. The origin of marine outfall comes before the Second World War, where the sea was looked upon as an infinite recipient which could receive unlimited amounts of waste (Larsen, 2000).


2. [bookmark: _Toc295944416]Scope of present study

The present study was intended for marine outfall systems carrying preliminary treated urban water. Only non-cohesive sediment was used even though it is recognized that cohesion itself would be an independent part of the process and another factor influencing the outfall transport capacity. All experiments were conducted under full uniform flow conditions with sediment transported as bed-load in smooth pipes and flumes. 
The aim was to gain a better understanding on the sediment transport process in outfall systems and to find a possible way to provide an improved relationship for self-cleansing criteria. This is achieved by modeling sediment transport including deposition as well as erosion in a 24-hour flow cycle in order to clarify when and why self-cleansing can be insufficient. Further, finding the limiting velocity of sediment motion by experimental and numerical way and compare these results with those suggested by other authors.
The experiments were carried out at the Hydraulics and Costal Laboratory of Aalborg University, Department of Civil Engineering. The author knowledge that this is the first attempt to study the sediment transport in either sewerage or outfalls systems. 
2.1. [bookmark: _Toc295944417]Diurnal and Seasonal variations in flow
For preventing the build – up of the sediment deposits it is necessary that the total daily transport capacity exceeds the total daily load during almost all times. One possible way to deal with this phenomenon is to base the design on the average daily flow during the year. 
[image: C:\Users\Ina\Desktop\MCE_S2-3_W01-1_clip_image002.jpg]
Figure 4, Daily variation in flow

Nevertheless this would bring to an underestimation of the daily transport capacity because of the non – linear function of the transport. In full bore case, it is known that the flow velocity is proportional to the discharge. Ackers (Ackers, 1991), showed that in range of interest, as seen in Figure 5 from his measurements and calculations, the concentration is proportional to the fifth power of discharge. Moreover, for a particular diurnal variation he found that the curve was approximately linear. 
[image: ]
[bookmark: _Ref295084522]Figure 5, Sediment transport in 299 mm pipe, full bore (H R, Wallingford data (3)), limit of deposition and various mean depths of deposit compare with development of Ackers and White function with several WE values (Ackers, 1991)


3. [bookmark: _Toc295944418]Sediment transport 
3.1. [bookmark: _Toc295944419]Properties of sediment in pipes
The movement of sediment in pipelines involves different processes known as erosion, transport and deposition which will not necessarily happen in the order mentioned. There are considerable spatial variations in the source and origins of sediments where the sediment inputs may differ not only between catchment types but also between contiguous pipe inlets.
Some of the most important reasons for the presence of sediments in sea outfalls:
· Initial sediments left from construction (or repair) works
· Sediments carried by the sewage
· Intrusion of sediments from the sea caused by waves, currents and density differences
· Intrusion of sediments from the sea because of transients caused by pump operations, surge towers etc.
· Intrusion of sediments because of damage of diffuser from anchors and fishing gears etc.
· Flocculation due to salinity gradients.

A classification of sediment present on the pipes is made based on a visual appearance, location, physical and chemical analysis (Ghani, (November 1993)):
Classes: 	A: 	Coarse granular material
		B: 	partly class A deposits and greases and mineral cements
		C: 	mobile fine grained 
		D: 	organic wall slimes (biofilms)
		E: 	deposits found in tanks 
In sewers or outfall systems it is possible to find all the classes and mixtures of sediment and that will depend on the source of the sediment in the system.

3.2. [bookmark: _Toc295944420]Modes of sediment transport
Insufficient information exists about the precise way of sediment movement in the pipes. For simplicity the sediment movement could be classified into two categories:
1. Transport with clean invert
2. Transport over loose sediment deposits (Ghani, (November 1993))
In either cases three type of solid transport are distinguished:
1. The bed load transport: where the particles are sliding, rolling and saltation without leaving the bed. If insufficient sediment present in the pipe, the bed load transport will often form dunes or other bed forms, as well as this process can bring an increase in the flow resistance. The bed load can itself be classified in two types:
· Flow with a continuous dunes that moves along the pipe
· Flow with separated dunes moving along the clean bottom

2. The suspended transport: the particles from the bed material or from other sources remain in suspension in the flow without definitive deposition, nevertheless temporary deposition is possible. The suspended transport process is possible when the turbulent eddies have large vertical velocities (Mark, May 1995).
3. The wash load transport: very fine particles which are permanently transported in the flow without any deposition. While the suspended load is part of erosion and deposition process of sediment deposits in pipes, the wash load is a process which contribute in the exchange of the particles with the bed load is very small and mostly present no interest with respect to flow resistance. The wash load has a very small settling velocity.
The total sediment transport is the sum of all the above loads.
This succession phenomenon corresponds to uniform sediments with the same grain size. For the transport of mixed sediments more regimes can exist simultaneously. 
Experiences from sewers systems show that depositions of sediment significantly increase the flow resistance primarily because of the influence of the bed forms.

3.3. [bookmark: _Ref294970071][bookmark: _Ref294971241][bookmark: _Toc295944421]Incipient Motion
Both sewers and outfalls are mainly designed to be self-cleansing. Mostly, all the sediments entering these kinds of structures are expected to move continuously without deposition. Nevertheless, due to the diurnal variations of flow, deposition is to be expected. Hence, under these conditions, it is estimated that the deposition would be flushed out by high flow happening mostly during the day. 
As mentioned previously (see Introduction), the self-cleansing criterion is based either on minimum mean velocity or shear stress. The tables below show criteria given by CIRIA (1987) (Ghani, (November 1993)).


Table 1. Constant Velocity Criteria (Ghani, (November 1993))
	Reference Source
	Country
	Pipe condition
	Minimum Velocity [m/s]

	American Society of Civil Engineers (1970)

	USA
	Full/Half – Full
	0.6

	British Standard (1987)

	UK
	Full
	0.75

	EESCRITT (1979)

	UK
	Full
	0.76

	BIELECKI (1982)

	Germany
	Full
	1.5



Table 2. Constant Shear Stress Criteria (Ghani, (November 1993))
	Reference Source
	Country
	Minimum Shear Stress [N/m2]
	Pipe Conditions

	MAGUIRE RULE

	UK
	6.2
	Full/ Half – Full

	YAO (1974)

	USA
	3.0 – 4.0
	

	LYSNE (1969)

	Norway
	2.0 – 3.0
	

	ASVISNINGAR (1976)

	Sweden
	1.5
	



Studies and experiments shows that a minimum flow is required before particles laying on the bottom start to move. There are two possible definition of threshold; the first one is based upon a minimum transport rate (such as works by Shields) and the second definition consists of the visual observation of particle motion on the bed.
The most widely used approach in determining the initiation of the sediment motion is based on the critical shear stress τc. The critical bed shear stress is one of the most important parameters in the process of sediment transport which describes whether the sediment will be eroded or not. Put simply, shear stress describes the force of water that is trying to drag the channel surface downstream with it (americanexcelsior)
The initiation of motion has been widely studied and critical bed shear stress has been incorporated in the various transport parameters. This concept represents the minimum flow resistance which is exerted by the particles at the moment before the motion starts (Gonzales, 1991). 
In some sewer systems, where the sediment may be non–cohesive, the critical bed shear stress can be found by Shields parameter. Shield has put a standard to the studies of incipient motion and sediment transport. He defined the threshold as a zero transport rate from interpolation of transport data. The critical bed shear stress was found to be a function of the grain Reynold number Re.
Results of the interpolation of the data were illustrated in a plot (Figure 6) of dimensionless entrainment parameters, Fr2d,cr =  versus shear Reynolds number, Recr = u*cr*d/ϑ.




Numerical Model
39
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[bookmark: _Ref294621610][bookmark: _Ref294621581]Figure 6, Shields Diagram (after Graf 1984)


Where, τc is the critical shear stress,
	ρ is the density of water,
	s is the specific gravity of sediment
	d is the diameter of sediment,
	g is the acceleration due to gravity, 
	u*cr is the critical shear velocity (),
	ϑ is the kinematic viscosity of water (temperature dependent).
When a fluid is currently at rest, to be possible to have transport of sediment, the boundary (or bed) shear stress τ0 must exceed the critical shear stress τc for the initiation of motion of grains at the bed. 

τ0 > τc 	Bed load motion
Based on different experiments critical Shields parameter was formulated as see; (chanson, 1999): 

			(eq. 1)

τ0 = ρ(s-1) g*ds ϴcr		(eq. 2)

It is estimated that the sediment starts to move for a Shields critical parameter ϴcr = 0.05. The critical shear stress will be then presented as below:
τ0 = 0.05*ρ(s-1) g*ds		(eq. 3)
Van Rijn (1984) expressed Shields’ Fr2d,cr in terms of dimensionless grain diameter (Figure 7)
D* = D50* [(s-1)*g/ϑ2]1/3		(eq. 4)
where D50 is the particle diameter for which 50% of the sample is finer.

[image: ]
[bookmark: _Ref294623061]Figure 7, Shields Curve (from Van Rijn (1984)) (BERTRAND-KRAJEWSKI, 2006)

Novak – Nalluri (1975) performed theoretical analysis by associating the forces acting on a smooth bed and obtained a single equation for both rectangular and circular channels, by only introducing a relative roughness (d/R), where R is the hydraulic radius.
		(eq. 5)
for a range 0.01<(d/R)<1
In real life the sediment coming from a sewer pipeline are often with a non - uniform nature. This makes the process of sediment transport much more complex and difficult. When dealing with non-uniform and non-cohesive sediments larger particles are being transported with a different velocity than smaller particles. The larger particles are exposed widely to different dynamic forces of the fluid; hence they are transported at a greater velocity. Consequently, smaller particles (coarse fraction), move in the fluid with a very small velocity or not move at all, creating in this way a layer in the bed surface (armoring). As consequence of this phenomenon, the critical bed shear stress estimated by Shields (1936) has to be modified.

On the other hand, the critical bed shear stress for a particular grain is totally different from the critical bed shear stress estimated by Shields (with deposited sediment in the bed invert). A single grain is exposed to major dragging forces. Furthermore the critical bed shear stress is smaller for a single particle than for a particle as part of a sediment deposit. Novak and Nalluri (1984) (Mark, May 1995) were the researchers to experiment this phenomenon for determination of a value for the initiation of motion of a single particle resting in a clean invert. The results of their experiments showed that the critical bed shear stress for these conditions was smaller than the one found by Shields for the particles resting in deposited sediment and it increases when there were more than one particle in the pipe bed. However it was still below the value predicted by Shields.

3.3.1. [bookmark: _Toc295944422]Deposition process
In overall what is explained previously adapts for erosion process of sediment. It is very important for the reader to know that there is as well a critical shear stress for the deposition process. Deposition occurs when the bottom shear stress is smaller than the critical shear stress for movement of sediments. Only sediment with sufficient shear strengths to withstand the highly disruptive shear stresses in the near bed region will deposit at the bed. 

Many experiments were performed to determine the values of critical shear stress for full deposition of non-cohesive sediments. (Ghani, (November 1993)) conducted a series of experiments shown in his report and tried to formulate the sediment transport at the limit of deposition. He explains that as in erosion process the critical shear stress depends upon the sediment type and concentration.

Partial deposition exists when the bed shear stress is greater than the critical shear stress for full deposition but smaller than the critical shear stress for partial deposition. At this range of bed shear stress, relatively strong particles of sediment are deposited and relatively weak flocs remain in suspension.

τd.full<τ<τd.part
There is no deposition when the bed shear stress is larger than the critical shear stress for partial deposition.
τ≥τd.part

At present, the behavior of critical shear stresses for full and partial depositions is not well understood however, the description outlines for non – cohesive sediments in the transport modes are typically modeled by the use of continuity equation for sediment transport.


3.3.2. [bookmark: _Ref295255244][bookmark: _Toc295944423]Side wall elimination 
It is very important to determine the shear stress for sediment bed (for known hydraulic conditions) and one of the ways to do that is by applying the side wall elimination procedure. As most of sediment transport formulas are mainly expresses as transport rate per unit width the application of this procedure will make possible on having results for sediment transport depending only on shear stress. This procedure is based on Einstein (1942) or Vanoni and Brooks (1957) assumptions (Mark, May 1995). In principle both of the procedures are similar but the first on (Einstein procedure), uses Manning – Strickler roughness coefficient k, while the second (Vanoni and Brooks), uses Darcy – Weisbach friction factor f. However both coefficients (the friction factor f and the roughness coefficient k), are related together with the Chezy coefficient by the following relationship (BERTRAND-KRAJEWSKI, 2006):
[bookmark: _Ref295662636]		(eq. 6)
where 
k:	the roughness coefficient
Rh:	hydraulic radius
g:	acceleration due to gravity
f:	friction factor estimated as  (Colebrook 1939) , (Perrusquia, 1995)
Re:	Reynolds number
Ch:	Chezy coefficient
V:	mean flow velocity
I:	energy gradient
The Einstein side wall elimination procedures are based on the assumptions that; 
· The cross section can be divided in two parts each of which is connected to the own part by the wetted perimeter.
· Each section is assumed to have the same mean velocity and hydraulic gradient
To show how Einstein used these assumptions for the separation of the resistance from the sides of the channel a scheme is shown below. 



[image: ]
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Figure 8, Scheme of a part full circular pipe with sediment bed and distribution of boundary shear stress along the wetted perimeter of a pipe with complex roughness (Perrusquia, 1995)

However, there is a big difference in the bed shear stress distribution in a part full pipe and the distribution in a full bore pipe 
[image: ]
[image: ]






[bookmark: _Ref295078953]Figure 9, Scheme of a full bore pipe with sediment bed and distribution of boundary shear stress along the wetted perimeter of the pipe modified after (Perrusquia, 1995)

As seen from the scheme (see Figure 9), in a pipe running full there is no free surface which means there are no points where the shear stress reaches the value zero.


3.4. [bookmark: _Toc295944424]Flow resistance 
An important factor affecting the sediment transport process is the flow resistance. The sediment deposits in the pipe invert, increases flow resistance as well as reduces the flow cross section. If sediment forms are present in the pipe invert, the flow capacity of the pipe will decrease. It is important to be mentioned that the flow velocity in the outfall pipe will increase with the reduction of the flow cross section because of the full bore running conditions in these systems.
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Figure 10, Schematic view of velocity profile after creation of the bed forms

Mainly the flow resistance in outfall systems (or sewers) with sediment in the pipe invert originates from two parts of the pipe system. One part of this hydraulic resistance come as a result of the contact with the pipe wall and the other originates form the sediment on the bottom of the pipe. Hence, the last resistance (resistance from the sediment deposition) is assumed to be formed by two main components: one is dependent on grain resistance and the other on bed form resistance created on the bed invert. Resistance can also originate from other factors like aging of the pipe, or structural failure and in many occasions when there is presence of biological growth (Mark, May 1995). 
In the present study, flow resistance will be referred exclusively to the sediment bed and it can be calculated by a diversity of parameters either as dimensionless parameters (dimensionless bed shear stress) or as equivalent sand roughness of the bed kb. In practice the pipeline roughness is related to the grain size. The analysis of experimental data suggested a relation kb = 2*d50. (Benoıˆt Camenen, 29 October 2004). (Van Rijn 1982) analysed 120 sets of data with plane bed conditions and a channel width/water depth ratio larger than five where no side wall elimination was necessary, and he related the kb to the particle size d90 of the bed material. The relationship he presented was for fine to medium sized particles;	kb = 3*d90 (Gonzales, 1991).

3.5. [bookmark: _Toc295944425]Sediment transport formula 
A large numbers of researchers have tried to describe the process of sediment transport mainly in rivers, flumes or sewers by establishing different models. Among the most widely known relations the following ones are quoted: Meyer-Peter and Müller (1948), Einstein – Brown (1950), Engelund – Hansen (1967), Van Rijn (1984) and Ackers – White (1973). In general all these models give relatively similar results for non-cohesive particles with homogeneous diameter in uniform flow (BERTRAND-KRAJEWSKI, 2006). However, such conditions are not those in sewers or outfalls. 
Furthermore, not very many data are available on sediment transport in circular pipes especially the ones running full bore. Hence little knowledge is available to develop formulas for outfall systems at present. However, with some corrections the formulas established from experiments on flumes or rivers can be applicable to pipes. As a small pipe is not very similar to a river normally it can be expected that with some adjustments the sediment transport formula could also fit to the small pipes. But if the shear stress could be found and many scale effects could be negligible, then the formulas estimated from flumes could be applicable to sewers or outfall systems. In case the pipe runs full or it has small dimensions the sediment transport formula should be extended from the sediment transport formula used in sewers. (Mark, May 1995)
Mostly it is noticed that a big range of sediment transport formulas are used in different models (e.g MIKE model, DHI) and this since there is no reliable sediment transport formula which can be valid for all ranges of flow conditions. Also the formulas need to be validated for the sediment characteristics and need to be relevant to the transport mode. 

3.5.1. [bookmark: _Ref295242739][bookmark: _Toc295944426]Characteristics of sediment transport formula
The selection of the most appropriate sediment transport formula for a specific study depends mainly on sediment and flow characteristics. When choosing a formula it is very important for the author to be aware of the assumption and limitations of each formula.
The sediment transport formula of Ackers – White, Van Rijn and Engelund – Fredsøe describe the bed load as a function of the initiation of motion. The first formula (Ackers – White) gives the bed load as a function of the mobility parameter. This model was first established for sediment transport in open channels. It was not until 1984 (BERTRAND-KRAJEWSKI, 2006) that with some adaption for circular pipes the model shows better agreement with laboratory data.
The Engelund – Fredsøe and the Van Rijn theories give the bed load as a function of critical bed shear stress. The sediment transport model presented by Engelund – Fredsøe (1976), gives a detailed description of sediment transport in relation with the flow resistance (DHI). This model splits the calculation of total sediment transport into calculation of bed load transport and suspended load. The same way Van Rijn calculated the sediment transport by splitting the total load into two loads. The difference stands in the way both this model calculate the bed and suspended load.
At present, it is doubtful which model is more reliable in determining the total transport, the ones that splits the sediment transport into two component loads (bed and suspended load) like the models mentioned above, or the models that consider the sediment transport as a whole.

3.5.2. [bookmark: _Ref295480029][bookmark: _Toc295944427]Ackers & White sediment transport model
The Ackers – White sediment transport model is formulated to describe the resistance by using variables defined for the sediment transport model. This model is based somewhat on dimensional analysis and on physical arguments.
As mentioned above (Characteristics of sediment transport formula), Ackers (1984) modified Ackers – White (1973) total load transport model to suit sewer conditions. Two major changes from the original formulation were made (Ghani, (November 1993)): 
I. The use of a fully rough turbulent flow equation for non – rectangular channels
II. The introduction of an effective width, WE
The model assumes that the sediment was mainly transported as a bed load for coarse sediment. The model is expressed in dimensionless form and the equation formulated is applicable for all shapes of channels (B.G.Krishnappan, February 1981): 
 = 		(eq. 7)
Fgr = *[]1-n		(eq. 8)
Dgr = D50*				(eq. 9)
The sediment concentration Cv and the sediment transport rate are related with the following relationship:
Cv = 				(eq. 10)
Qs = Cv*Q					(eq. 11)
Where, 
Ggr		dimensionless transport parameter
Fgr		dimensionless mobility number
Dgr		dimensionless grain diameter
X		the transport of sediment expressed as concentration by weight
Qs		sediment transport rate
Cv		sediment concentration
u* 		the shear velocity given as g*R*S=V* f/8 
f		the friction factor
V		limiting deposit velocity
g		the acceleration due to gravity
R		the hydraulic radius
D50		the median diameter
y		the flow depth
s		the relative density of solid phase to fluid phase 
𝜗		the kinematic viscosity of water (temperature dependent).
The coefficients C, Agr, m, and n are determined as functions of Dgr (B.G.Krishnappan, February 1981)
Table 3. Values of the coefficients from Ackers - White formula
	When Dgr > 60 (coarse sediment)

	When 1 ≤ Dgr < 60 (transitional size)

	When < 1 (fine grains)

	n = 0
	n = 

	n = 1

	Agr = 0.17
	Agr = 

	Agr = 0.37

	m = 1.50
	m = 

	m = 11

	C = 0.025
	 = 2.86 * 

	C = 2.95 * 10-4



These values were obtained from statistical analysis of experimental data in rectangular channels where a wider range of sediment sizes then those used in the original work were used. The present range of sediment size is 0.04 mm to 28.65 mm (Ghani, (November 1993)). The Ackers – White formula is applicable to any bed forms (flat bed, ripples, dunes, anti – dunes), but it is limited to Froude numbers below 0.8 (BERTRAND-KRAJEWSKI, 2006). These equations have been verified by other researchers who obtained fairly good results from the laboratory experiments. Hence, the Ackers – White model, with this adaption, is used in the models like Mouse Trap or Mosqito. 
Ackers re – arranged his equation by introducing an effective transport width WE. Based on the previous work of May (1982), Ackers (1991) proposed WE = 10*d for sediment transport in pipes at limited deposition and WE = 0.04*D for a modest deposition of 1% (Ghani, (November 1993)).
Nalluri and Ab - Ghani (C. Nalluri*, et al., 1994), developed Ackers – White formula in a more specific equation depending on solid concentration, grain size and sediment depth that presents the self – cleansing criteria. Their calculation resulted in an important conclusion stated that a limited depth of sediment is recommended for pipes which diameter is larger than 1 m for the reason of maximizing the transport capacity.
They proposed two equations one for clean pipes and one for pipes with deposited loose bed (C. Nalluri*, et al., 1994):
· Clean pipes
		(eq. 12)
Where
					(eq. 13)

· Deposited loose beds
		(eq. 14)

Where 
				(eq. 15)

Where
Ucr	self – cleansing velocity
Cv	volumetric sediment concentration
	friction coefficient with sediment
f	friction factor 
Wb	width of sediment bed
y	mean flow depth
D	pipe diameter
For the friction factor see 		(eq. 6) (Side wall elimination)


4. [bookmark: _Toc295944428]Laboratory Experiments

The experimental work was carried out in the laboratories of Aalborg University (Hydraulics and Coastal Engineering Laboratory). Both, a rectangular channel with about 300 mm of width and a 240 mm diameter flowing full Plexiglas pipe, (both with flat fixed smooth beds) were used. Both channels were provided with sloping and recirculation facilities. All the experiments were conducted for a period of 3 month January – April 2011.
4.1. [bookmark: _Toc295944429]Experimental Set Up
4.1.1. [bookmark: _Ref295416671][bookmark: _Toc295944430]Rectangular channel Set Up
The rectangular channel is made up of 2 glass sides following the whole length of the channel. A flat false bed made up of aluminum plates, was placed in the bottom of the rectangular flume to create smooth pipe conditions that covers a length from the upstream till reaching the weir (6.8m) placed into the flume to control the flow velocity (see Figure 11).
A) Water supply tank	E)	Instrument carriage 
B) Thin plate weir	F)	Recirculating facility
C) Sediment bed	G)	Pump
D) Water collector tank
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[bookmark: _Ref295395070][bookmark: _Ref295395061]Figure 11, Layout of experimental apparatus


The flume was placed on her supporting frame (seeFigure 12, General view of rectangular flume) and its gradient was kept constant for each particular run. The sediment was laid along the invert of the channel and was then levelled off forming a sediment bed of uniform thickness around 5 cm. The non-cohesive sediment (with d ranging from 0.075 mm to 0.25 mm and d50 = 0.2 mm) placed into the invert bottom, was located about 3 m from the upstream end to give a sufficient entry length to obtain a fully developed uniform flow.

[bookmark: _Ref295396876][image: D:\Ina\ina foto\Mobil Camera pic\IMAG0092.jpg]
[bookmark: _Ref295993515]Figure 12, General view of rectangular flume

The test apparatus is equipped with a recirculating facility between two tanks, a supply tank and a collecting tank. The channel was divided into 21 imaginary sections, each 20 cm long which started at the sediment bed beginning and ended just where the weir was placed (which was assumed to be the end of the channel). 

4.1.2. [bookmark: _Toc295944431]Circular pipe Set Up
The circular pipe was made up Plexiglas material with a length 5.6 m. The pipe was laid inside the rectangular flume in the way that the stability conditions could be the same as the one in the rectangular flume. Four smaller pipes were connected together with rings made up from the same material as the pipe so the same roughness could be kept inside the pipe. Moreover to keep the pipe stable, semi – circular supporting pieces of wood were put on the top and bottom of the flume of each part of the pipe (see Figure 13)


[image: D:\Ina\ina foto\Mobil Camera pic\IMAG0132.jpg]










[bookmark: _Ref295414694]Figure 13, General view of test pipe 240 mm

Each section of the pipe had a several 1200mm × 500mm slots cut along the pipe’s crown to allow observation of the bed conditions along the length of the pipe and collection of the sediment after each experiment. Assuming that the conditions inside the pipe are the same as the ones inside an outfall pipe, full running conditions were applied in this occasion. To ensure that the required flow depth, y0, (for full running conditions) was achieved, a rectangular thin plate weir was used in the end of the pipe just 30 cm far from the end of the pipe end. No additional bed roughness was applied in the circular pipe.
As applied in the rectangular channel, the pipe was divided into 19 imaginary sections (each 20 cm) for measuring of sediment deposition after the experiment. The sediment with the same properties was laid along the pipe invert then levelled off forming a sediment bed of uniform thickness (see Rectangular channel Set Up for details). The non-cohesive placed into the invert bottom, was located about 50 cm from the pipe’s beginning and 3 m from the upstream end to give a sufficient entry length to obtain a fully developed uniform flow.

4.1.3. [bookmark: _Ref295499147][bookmark: _Toc295944432]Experimental procedure
This section is intended to describe how the specific experiments were performed. The same procedure was used either in the rectangular flume B = 300 mm or in the circular pipe D = 240 mm.


[image: D:\Ina\ina foto\Mobil Camera pic\paper selection\IMAG0130.jpg][image: D:\Ina\ina foto\Mobil Camera pic\paper selection\IMAG0122.jpg]
Figure 14, Snap shots from experimental procedures and measurements.
The test section, approximately 6.8 m for rectangular flume and 5.6 m for circular pipe, was located about 3 m from the upstream. The flow supplied to the pipes was made by an adjustable pump that could give a maximum discharge up to 20 l/s. Measurements of flow velocity were made along the pipe to ensure the uniformity of the flow during different experiments. The velocity profiles were obtained along the center line of the invert, using a 50 mm – propeller current meter.
The calibration of the current meter is given in Appendix B. To adjust the velocity in the required values of self – cleansing, a thin plate weir was used. A formula for calculation of the flow velocity and flow discharge was given (Kap):
				(eq. 16)
		for 		(eq. 17)
		(eq. 18)
Where,
Q	water flow rate (m3/s)
B	width of the weir (m)
h	height of the water above the weir (m)
g	acceleration due to gravity 
Different weir was used and calculations were made until the required flow discharge and flow velocity was reached, see Appendix B for more details. 


	[image: ]Figure 15, Initial conditions set up in the flume
(width B = 300 mm)

		[image: D:\Ina\ina foto\Mobil Camera pic\IMAG0128.jpg]Figure 16, Initial conditions set up in the circular pipe
(diameter D = 240 mm)






The purpose of the experimental works was to observe the erosion of the sediment bed and measurements of the erosion rate. For this reason a sediment bed was created in the invert of the pipe or channel. The amount of sediment used in both, circular pipe and flume was Qs = 1000 g. This amount was spread on the bottom of the pipe/ channel covering an area respectively 50 cm × 30 cm for the flume while for the pipe the sediment laid until 1 m length. 
Three different approaches were chosen for carrying out the experiments in circular pipe as well as in rectangular channel. For preserving undisturbed sand conditions while the uniform flow conditions were established, the water inflow and velocity were set at minimum. Once the water depth was bigger than pipe radius or half of channel height, the flow discharge at the required flow conditions (depth and velocity) was then set. At this moment the time for sediment transported along the pipe in each imaginary section was recorded. In the meantime, bed forms developed along the whole test reach (see Figure 17)
This process was repeated 3 times for each pipe shape for 5 min, 10 min, 20 min run. After each time approach sediment transport rates were measured, readings were made at 20 cm and 40 cm intervals over the length of pipe test. The collected samples of each approach were dried in the oven at a 105 ˚C until water evaporated and then measured. The amount of sediment leaving the pipe was also calculated as a difference between the initial amount and the total measured amount left in the pipe. 


y0 = 170 mm
305 mm
D = 240 mm







[bookmark: _Ref295425282]Figure 17, Formation of the sediment dunes inside the pipe (D = 240 mm) and flume (B = 300 mm). 
Water flow velocity V = 0.4 - 0.5 m/s

4.2. [bookmark: _Toc295944433]Sediment properties
The sediment used for this experiment was non–uniformly graded but composed from fine particles. The sand was quartz with a relative density, s = 2.65. Sieve analyses were carried out of the sand in the laboratory and during the course of experiments to check the movement of the particles. 
[image: ]
Figure 18, Grain size distribution for Silkeborg Sand No. 0000 (Jakobsen, 1998)

Figure 19, Particle size distribution from sieving analysis during laboratory experiments

The sediment particles size d ranges between 0.075 mm to 0.25 mm and the d50 = 0.17 mm. For more details see Appendix B

5. [bookmark: _Toc295944434]Numerical Model 

The transport of sediment particles is based on numerical solution of the continuity equation for bed sediment. The continuity equation itself is based on a finite difference volume method. At present, there are not that many theoretical descriptions for the physical processes that are related with the sediment transport in sewers, in this way for describing and modeling the sediment transport for the same conditions as the ones found in outfall systems, special mathematical formulations for the sediment transport phenomena were developed.

5.1. [bookmark: _Toc295944435]Numerical model solution
The main idea in the model is to keep the sediment mass in each volume constant. To solve the equations (see Ackers & White sediment transport model) a simple scheme with central space and time derivatives is used. This scheme is known as Preissmann scheme (see Figure 20). However, because of lack in time another simpler model was developed.
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[bookmark: _Ref295480739][bookmark: _Ref295480714]Figure 20, The Preissmann Scheme

By using this approach when all notations are indicated, the sediment transport formula specially formulated for this model could be written in a discrete form as shown:
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Figure 21, One dimensional scheme of the numerical model approach

h[i,j+1] = h[i,j]+(q_s[i,j]-q_s[i+1,j])*dt/(dx*B[i,j])		(eq. 19)

where 
h	sediment height 
q_s	sediment transport rate
B	sediment width
dt	time step
dx	box length
Index:
i	space index
j	time index


5.2. [bookmark: _Toc295944436]Boundary and Initial conditions
Before running the numerical model boundary and initial conditions have to be established. For reasons like lack of time only the transport in circular pipe is modeled. The model is conducted in MATLAB programing language.  
The upper boundary is neglected and only the bottom boundary, where the water flow has a contact with sediment bed was taken into consideration. The material is transferred across the bottom boundary. The parameter describing the bottom boundary condition is the roughness coefficient ks which was initially assumed to be equal 2*d50. 
The model was setup for a circular cross section area. While applying the circular shape of the pipe, a small sediment height was applied in the bottom of the pipe. The initial sediment height hinitial at the beginning of the model t = 0s was calculated for the pipe (from the 1 kg amount) and equals 0.0097m. Since a sediment height was applied the width is possible to be calculated but in this study for simplification it was assumed to be equal B0 = 0.02 m to avoid negative and complex numbers in the model. Initial conditions for modeling set up are based on experimental data gathered previously (see Figure 22). 
D
B
B0







[bookmark: _Ref294095153]Figure 22, Cross section of pipe with the deposited sediment
Another assumption in setting up the model was to apply a specified initial sediment transport capacity which later on will be the main parameter to be calibrated. By applying Engelund – Hansen correction factor (V0/V)5, it is possible to have a relationship between the sediment transport rate and sediment transport capacity. This formulation was specially developed for this model for estimation of sediment transport in circular pipes.
gs= gs0*(V0/V)5			(eq. 20)
If the flow rate is constant then the formula can be transformed;
gs= gs0*(A0-As/A0)5		(eq. 21)



where 
gs0	the initial sediment capacity
gs	the sediment capacity calculated
A0	the clean pipe cross section
As	the sediment cross section
B	the sediment width 
h	the sediment height
The sediment transport rate is given as shown;
qs= gs*B* (A0-As/A0)5			(eq. 22)

5.3. [bookmark: _Toc295944437]Calibration
The numerical model is then calibrated against experimental data gathered in this study. Modeled values of mass of sediment transported along the pipe were plotted in the same graph with measured values and from that the minimum error for the calibrated value gs that shows best fit between the data was found. 

[image: ]	[image: ]
Figure 23, Plot of error against the initial capacity values gs found after 5 and 20 min

The best modeled constant for the initial sediment capacity which gives the lowest error from the results of the calibration was found to be:
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]gs (5 min) = 1.1061e-005 m2/s/m
gs (20 min )=  6.3131e-006 m2/s/m
[image: ] [image: ]
Figure 24, Best fit of observed and modeled values of mass of sediment transported per unit length after 5 min and 20 min. The red lined graph shows the observed data and the blue line the modeled data.


After the calibration the value found for the initial sediment capacity produced fairly good agreement with the experimental data measured in this study, however the author does not have much information about how realistic this value is for sediment capacity. For this reason a validation of this model with another model conducted previously was necessary to be made. 
Validation of the model
The validation of the modeling system consists of an evaluation of the ability of the created model to reproduce the same results as the laboratory data of data that are previously tested. The validation was made for the initial sediment transport capacity which was a parameter that was not calculated by the formulas of sediment transport but assumed and then calibrated to the observed data from laboratory experiments. 
At the present study the model was validated with data collected from the research made by (Mark, May 1995). The Engelund – Hansen Sediment Transport formula was used for the validation stated as below:
			(eq. 23)
		(eq. 24)
			(eq. 25)
		(eq.26)
		(eq. 27)
Where 
	dimensionless bed load transport
	dimensionless bed shear stress
	friction factor
	bed shear stress 
	mean velocity
	hydraulic radius
	Reynolds number Re = V*R/ϑ
	roughness coefficient

The same data used in the model were used for the calculation of the sediment transport capacity given by Engelund – Hansen sediment transport formula. 
gs = 1.16e-06 m3/s/m
[bookmark: _GoBack]The calculation produced a result that changes by a factor of 6 from the results produced by the model. One explainable reason for these different values could be the presence of very fine particles found in the system as a result of non-grained sand used. These particles have the ability to travel faster then the coarser particles under same flow regime and this will result in higher sediment transport.


6. [bookmark: _Toc295944438]Results and Conclusions

6.1. [bookmark: _Toc295944439]Experimental results
The data reported in this section of the project belong to experiments conducted at Aalborg University. The purpose of the experiments was to observe the way sediment behave in pipes when conditions in it are almost the same as the ones in outfall systems. Hence, to find the minimum velocity for initiation of sediment motion and the time needed to flush out of the pipe a certain amount of sediment assumed to have been settled in the pipe invert. 
Experiments were conducted in a rectangular flume and circular pipe (SEE Experimental procedure). The sediment was spread uniformly into the rectangular and circular invert bottom by filling respectively 50 cm and 100 cm length of test pipe, using the same amount of sediment. Three different approaches were conducted by letting the water run into the pipe/channel for three specific times (5 min, 10 min and 20 min). After every run the sediment was collected from the pipe after it was divided into 21(for the flume) and 19 (for the pipe) sections each 20 cm long. The sediment was able to be collected with a pump that could suck the sediment and water from each section, which later were divided by filtration and drying each sample in the oven. Each sample was weighted for each run and the results are shown.
A comparison with the existing data sets is also shown in a way so it could be possible to investigate sediment transport formula (especially bed load transport).

Table 4 Experimental Work in Circular Clean Channels
	Authors
	Pipe conditions
	Velocity V(m/s)
	Material
	Pipe diameter (mm)
	d50 (mm)

	Novak-Nalluri (1975)
	Half Full 
	0.45-0.75
	Uniformly graded 
	305
	0.53-8.4

	May (1982)
	Full/Half Full
	0.5-1.2
	
	77-300
	0.64-7.9

	Mat Suki (1987)
	Full
	0.5-1.11
	
	164-253
	1.3-8.0

	This study (2011)
	Full
	0.39-0.5
	Sand
	240
	0.18-0.25






Circular Pipe Data
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	Figure 25, Mass of sediment deposited in the first scenario 
(t = 5 min)

	Figure 26, Mass of sediment deposited in the second scenario 
(t = 10 min)
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Figure 27, Mass of sediment deposited in the third scenario
(t = 20 min)



Rectangular Flume Data
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	Figure 28, Mass of sediment deposited in the first scenario
(t = 5 min)

	Figure 29, Mass of sediment deposited in the second scenario 
(t = 10 min)




[image: ]
Figure 30, Mass of sediment deposited in the third scenario
(t = 20 min)

Conclusion 
Preliminary analyses on the present data at the limit of deposition show that the self-cleansing velocity (V) is affected by the volumetric sediment concentration (Cv), flow depth (y), particle size (d50), surface roughness (k0) and pipe size (D). It is noticed that the presence of the loose bed could affect the flow transporting capacity in two ways:
· It may increase the sediment bed width and sediment thickness which might bring an increase in flow transporting capacity.
· It may affect the overall friction factor which might decrease the flow transporting capacity.

As it is seen form the graphs above, the sediment moves almost with the same trend in both circular pipe and rectangular flume. It was expected that the sediment transport would have been bigger in the pipe as a result of a higher velocity applied and smoother bed material. That is clearly seen from the results that the amount of the sediment leaving the pipe is bigger that the amount leaving the flume. It can be seen that more sediment is lost during the 5 min experiment compare to the 10 min experiment. This can be a result of small variations in the flow regime and formations of dunes. 

However, there are still uncertainties if the experiments with the pipes give good results, even though it was repeated for verification. That might have been as a result of the bigger dunes formed in the pipe or as a result of the sediment coming into the system from the recirculating facility during the experiments in the circular pipe.

Nevertheless, a table is shown below with the results from both the flume and the pipe, containing the amount of the sediment leaving the facility after each experiment.

Table 5. Mass of sediment lost during the experimnets
	Pipe
	Flume

	g

	5 min
	100.65
	79.87

	10 min
	89.82
	71.88

	20 min
	202.67
	116.47





6.2. [bookmark: _Toc295944440]Modeling results
The numerical model was calibrated against the experimental results presented previously. The model constant parameter initial sediment capacity is gs0 = 0.000011 m2/s/m and it is a result of calibration.
As the figures below indicates the calculated results of the sediment mass transported in each section of the pipe lie within an acceptable range.
The curves from the calculation indicate good agreement with experimental measurements; however the measurements lie in a range between 0-8 g/cm while the calculated values lie between 0-10 g/cm. This might result as course of simplifications made in the numerical model.
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	Figure 31, Modelled mass of sediment deposited in the
first scenario (t = 5 min)

	Figure 32, Modelled mass of sediment deposited in the
second scenario (t = 10 min)
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Figure 33, Modelled mass of sediment deposited in the third scenario 
(t = 20 min)

Considering the lack of time no verification with Shields number was made in this model.


Conclusion 
The one dimensional numerical model produced relatively good results from a predictive point of view. However, predictive errors in the result of the modeling are found which could be improved with the improvement of the formulation of sediment transport formula or with calibrated parameters. It is important to mention that, like in sewer pipes, in sea outfalls the required self-cleansing velocity decreases as particle size increase and increases with the increase of the volumetric sediment concentration. 

The presence of a rougher surface could either increase or decrease the required self-cleansing velocity depending on whether the effects of the increase in flow resistance or the additional turbulence due to secondary currents is more dominant. The literature shows that, the minimum velocity estimated necessary to flush the sediment is V = 0.45 – 1 m/s for pipes with D = 240 mm which is in good agreement with experimental results gathered in this study.

7. [bookmark: _Toc295944441]Recommendations for further investigation

To improve the use of predictive numerical model for engineering purpose researches on the non – cohesive sediment transport in laboratory must be continued. Hence, there are still doubts which are the physical processes that take place either in sewers or outfalls, for that it is necessary to monitor and collect data for sediment transport from outfall systems in real life. In this way it will be possible to evaluate each of the processes happening inside the pipe. 
Further laboratory experiments with graded sediment and maybe suspended load must be conducted in the future. Also cohesion should be included in the experiments giving the fact that it is a process that happening inside the pipes. One should bear in mind that for better evaluation the model should be validated against data from real outfall systems. 
Finally, for better calculation of suspended load, as part of total load, more information about concentration over cross – section area profiles in full running pipes is needed. Moreover, the sediment transport formula for suspended loads should be modified for full running pipes conditions regarding that in the last ones the velocity profile change. This means that the formulation of total sediment transport should also be modified as the formulas used assume same conditions as in the rivers. One should bear in mind that, there is unlimited supply of sediment from the bed, a phenomenon that does not happen in sewers or outfall system.
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[bookmark: _Toc295944444]Appendix A												Paper for in International Symposium on Outfall Systems



[bookmark: _Ref295515045][bookmark: _Ref295515568][bookmark: _Ref295517972][bookmark: _Ref295518023][bookmark: _Toc295944445]Appendix B											Calculations during experimental work

The present Appendix enclose all calculation needed during the conduction of experimental work in the laboratory. Calculation of velocity and velocity distribution inside the flume, particle size distribution, and calculation of water flow, are presented here.
Sieve analysis
The sand used to conduct the experiments was analyzed to estimate the d50 and to make a precise estimation about which particles move faster inside the pipe. A specific amount of sand was collected from three parts of the pipe and analyzed. The results are show in the tables below.
	Sieving analysis for unused sand

	Original sand sample weight 
	20g

	
	mass (g)
	sum on sieve (g)
	sum passed (g)
	% of sand passing through
	% of sand on the sieve
	d (mm)

	
	0.83
	0.83
	19.17
	95.85
	4.15
	0

	
	1.77
	2.6
	17.4
	87
	13
	0.075

	
	2.39
	4.99
	15.01
	75.05
	24.95
	0.125

	
	2.82
	7.81
	12.19
	60.95
	39.05
	0.15

	
	3.17
	10.98
	9.02
	45.1
	54.9
	0.18

	
	4.88
	15.86
	4.14
	20.7
	79.3
	0.212

	
	3.83
	19.69
	0.31
	1.55
	98.45
	0.25

	
	Mass lost 
	0.31
	
	
	
	



	Calculating d50


	
	
	x1
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	%

		



	
	x2
	50
	%

	
	
	x3
	54.9
	%

	[image: linear interpolation]
	
	y1
	0.15
	mm

	
	
	y3
	0.18
	mm

	
	
	y2=d50
	0.170725552
	mm

	
	
	
	
	





	Sieving analysis for the sand from Exp.1, sec.4

	Original sand sample weight 
	20g

	
	mass (g)
	sum on sieve (g)
	sum passed (g)
	% of sand passing through
	% of sand on the sieve
	d (mm)

	
	0
	0
	20
	100
	0
	0

	
	0.26
	0.26
	19.74
	98.7
	1.3
	0.075

	
	1.28
	1.54
	18.46
	92.3
	7.7
	0.125

	
	2.71
	4.25
	15.75
	78.75
	21.25
	0.15

	
	3.52
	7.77
	12.23
	61.15
	38.85
	0.18

	
	6.19
	13.96
	6.04
	30.2
	69.8
	0.212

	
	5.69
	19.65
	0.35
	1.75
	98.25
	0.25

	
	Mass lost
	0.35
	
	
	
	



	Sieving analysis for the sand from Exp.1, sec.12

	Original sand sample weight
	20g

	
	mass (g)
	sum on sieve (g)
	sum passed (g)
	% of sand passing through
	% of sand on the sieve
	d (mm)

	
	0.19
	0.19
	19.81
	99.05
	0.95
	0

	
	2.8
	2.99
	17.01
	85.05
	14.95
	0.075

	
	5.53
	8.52
	11.48
	57.4
	42.6
	0.125

	
	5.27
	13.79
	6.21
	31.05
	68.95
	0.15

	
	2.39
	16.18
	3.82
	19.1
	80.9
	0.18

	
	2.55
	18.73
	1.27
	6.35
	93.65
	0.212

	
	0.87
	19.6
	0.4
	2
	98
	0.25

	
	Mass lost 
	0.4
	
	
	
	



	Sieving analysis for the sand from Exp.1, sec.15-18

	Original sand sample weight
	20g

	
	mass (g)
	sum on sieve (g)
	sum passed (g)
	% of sand passing through
	% of sand on the sieve
	d (mm)

	
	0.7
	0.7
	19.3
	96.5
	3.5
	0

	
	6.71
	7.41
	12.59
	62.95
	37.05
	0.075

	
	6.03
	13.44
	6.56
	32.8
	67.2
	0.125

	
	3.33
	16.77
	3.23
	16.15
	83.85
	0.15

	
	1.35
	18.12
	1.88
	9.4
	90.6
	0.18

	
	1.25
	19.37
	0.63
	3.15
	96.85
	0.212

	
	0.5
	19.87
	0.13
	0.65
	99.35
	0.25

	
	Mass lost
	0.13
	
	
	
	


[image: ]
Figure 34, Particle size distribution for unused sand and the sand collect in the three sections of the pipe.

[image: ]
Figure 35, Graph of sand passing through the sieve for unused sand and the sand collect in the three sections of the pipe




Calculation of mean flow velocity
In this section the velocity inside the pipe is calculated by the use of the propeller (D = 30 mm). All measured data were put in an excel sheet like shown below which gives the user the opportunity to calculate the velocity. The pipe cross section was divided into four imaginary parts where the velocity was measured for each part (see )
[image: ]Table 6, Calculation of mean velocity in the flume with the propeller (D = 30 mm)
















Table 7, Calculation of mean velocity in the flume with the propeller (D = 30 mm)

[image: ]

Calculation of flow discharge by using the weir formula
In this section the calculation of the flow discharge is shown. A thin plate weir is used to achieve the flow needed for the velocity required. Several weirs were used until the one that gave the required values of velocity and flow was found. The results are presented in a table after the weir formula is used for the calculation.

	Formulas 
	Circular pipe
	Rectangular flume

	d – weir height (m)
	0.2
	0.055

	d+h – water level (m)
	0.24
	0.16

	h – water level above the weir (m)
	0.092
	0.1024

	B – weir width (m)
	0.30
	0.305

	Q – water flow (m^3/s)
	0.0157
	0.0219

	V – mean velocity (m/s)
	0.395
	0.448



Velocity distribution
[image: ]
Figure 36, Velocity distribution in the flume with a flow 16 l/s (A. Lund Jensen)
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Beregnet vandføring Lokalitet

16.925L/s

Dato

Vandstand m.u.p.

VANDLØBETS GEOMETRI

Bredde af tværsnit [m] 0.3

Placering af nedstik [m] Nedstik 1 Nedstik 2 Nedstik 3 Nedstik 4 Nedstik 5 Nedstik 6 Nedstik 7 Nedstik 8 Nedstik 9 Nedstik 10

Afstand fra kant 0.05 0.15 0.25

vandløbsdybde 0.32 0.32 0.32

Dybde fra vandspejl til hver måling [m] Nedstik 1 Nedstik 2 Nedstik 3 Nedstik 4 Nedstik 5 Nedstik 6 Nedstik 7 Nedstik 8 Nedstik 9 Nedstik 10

Måling 1 0.06 0.06 0.06

Måling 2 0.15 0.15 0.15

Måling 3 0.26 0.26 0.26

Måling 4

Måling 5

Måling 6

Måling 7

Måling 8

Måling 9

Måling 10

Målinger

Antal omdregninger pr. min Nedstik 1 Nedstik 2 Nedstik 3 Nedstik 4 Nedstik 5 Nedstik 6 Nedstik 7 Nedstik 8 Nedstik 9 Nedstik 10

Måling 1 53.8 46.8 49

Måling 2 48 50 49.2

Måling 3 42.2 49.4 48.6

Måling 4

Måling 5

Måling 6

Måling 7

Måling 8

Måling 9

Måling 10

Lineær sammenhæng (ax+b)

Beregning af hastigheder [m/s] kriterier a b

rps=0 0.00001 0 0

rps<=0,76 0.76 0.2416 0.015

rps>0.76 0.76 0.2573 0.003

----Eksempel----

slet indtastede værdier

Forudsætninger:

Der interpoleres lineært mellem målinger. Der antages parabelformet 

hastighedsprofil ved bund og sider.

Hastigheden ved faste overflader er nul.

Der skal foretages tilstrækkeligt med målinger til at beskrive ændringer i 

hastigheder over tværsnittet.

Denne formel erspecifik for det 

propel udstyr, som anvendes. Den 

skal derfor ændres ved anvendelse af 

andet udstyr.
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BEREGNING AF VANDFØRING

hastigheder [m/s] Nedstik 1 Nedstik 2 Nedstik 3 Nedstik 4 Nedstik 5 Nedstik 6 Nedstik 7 Nedstik 8 Nedstik 9 Nedstik 10

Måling 1 0.23371233 0.2036940.21312833 0 0 0 0 0 0 0

Måling 2 0.208840.21741667 0.213986 0 0 0 0 0 0 0

Måling 3 0.184925330.21484367 0.211413 0 0 0 0 0 0 0

Måling 4 0 0 0 0 0 0 0 0 0 0

Måling 5 0 0 0 0 0 0 0 0 0 0

Måling 6 0 0 0 0 0 0 0 0 0 0

Måling 7 0 0 0 0 0 0 0 0 0 0

Måling 8 0 0 0 0 0 0 0 0 0 0

Måling 9 0 0 0 0 0 0 0 0 0 0

Måling 10 0 0 0 0 0 0 0 0 0 0

0.21133[m/s]

Arealhastigheder [m

2

/s] 0.014022740.01222164 0.0127877 0 0 0 0 0 0 0

0.019914860.018949980.01922015 0 0 0 0 0 0 0

0.021657090.023774320.02339695 0 0 0 0 0 0 0

0.007397010.008593750.00845652 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0

SUM 0.06299170.063539690.06386131 0 0 0 0 0 0 0

Vandføring [m

3

/s] 0.002099720.006326570.00637005 0.00212871 0 0 0 0 0 0

SUM

0.01693

[m

3

/s]

Flume cross section 0.096[m

2

]

Pipe cross section 0.03976078

Pipe diameter 0.225[m]

Pipe velocity 0.51024[m/s]
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