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Preface

Desanding facilities of hydropower schemes are typically comprised of basins or chambers located down-
stream of water intake structures. Their purpose is to exclude sediment particles up to a defined threshold
size from the water by settling and flushing to reduce the sediment input into reservoirs and compensati-
on basins in the case of water transfer systems or to reduce negative effects of the sediments in the power
waterway systems. The latter particularly holds for schemes with moderate to high heads, explaining the
significance of desanding facilities in mountainous regions. Among the negative effects, aggradation in
zones of low flow velocities and turbulence in the waterway system, and hydro-abrasion of hydraulic ma-
chinery and hydraulic steel structures are most common. In severe cases, they may significantly threaten
the economic and thus sustainable operation of the scheme and thus put its purpose, such as hydropower
production or water supply for irrigation and drinking water, at risk.

Although desanding facilities have been designed and constructed for decades – basically from the be-
ginning of hydropower systems back in the late 19th century – it is well known that classical design
guidelines do not always meet the expectations, resulting in trapping efficiencies below the target values.
Even newly constructed desanding facilities too often show a poor performance, leading to significant
hydro-abrasive wear at hydraulic machinery, increased downtime, increased maintenance and refurbis-
hment efforts, and reduced turbine efficiencies in the case of hydropower use. A production loss and
reduced revenue may then significantly affect the scheme’s profitability.

For this reason, it was aimed at revisiting the design of desanding facilities in a systematic way within
the research project of Dr. Paschmann to provide new recommendations as to the layout and design of
these important structural elements. As the project is embedded in the National Research Programme 70
“Energy Turnaround” of the Swiss National Science Foundation, the practical application and usefulness
for hydropower design and operation was another research focus to improve the efficiency of hydropower
and enhance its role in the Swiss Energy Strategy 2050. Because hydraulic scale modeling using small-
scale physical models in the laboratory has its limits as to fine sediment due to model and scale effects,
a composite approach using both large-scale field campaigns and systematic numerical modeling was
applied by Dr. Paschmann.

High-quality data at a high temporal and spatial resolution were obtained at three investigated prototype
facilities in the canton Valais, corroborating the hypothesis that the flow field in desanding basins is rather
inhomogeneous over about a third of the total basin length despite the use of tranquilizing racks. The
flow fields are largely controlled by the approach flow conditions, underlining another basic hypothesis.
In general, the trapping efficiencies were lower than targeted, as unveiled by the measurement data.

After a proper calibration and adjustment phase, the CFD software enabled to reliably simulate the com-
plex 3D flow and sediment processes in desanding facilities. The model validation was satisfactory,
despite some deviations between measured and simulated quantities. The parametric study allowed to
quantify the effects of the various parameters investigated, especially with regard to the approach flow
conditions and transition zone geometry. Among others, the significant effect of both asymmetric and
supercritical approach flow could be demonstrated, and the mitigation effect of tranquilizing racks to
homogenize the flow could be clarified. In general, to assure settling of particles of the critical size, des-
anding basins or chambers need to be significantly longer than resulting from the application of today’s
design guidelines, thus corroborating the hypothesis – and partly evidence – that a considerable share of
existing facilities does not properly fulfill the targeted function. The findings resulted in a new design
concept for desanding facilities, which was further elaborated in a step-by-step design procedure targe-
ting to be applied by design engineers. The new concept extends the commonly used classical design
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approach by considering the entire desanding facility as an integral system. In a first step, the funda-
mental basin length stemming from the classical approach is multiplied with a factor of 1.25 to account
for the identified reduction due to flow recirculation and weir influence. In a second step, adjustment
terms are added to the modified fundamental basin length to obtain the required total basin length for the
complete trapping of particles of the defined critical limit size.

My sincere thanks go to the Swiss National Science Foundation (SNSF, grant number 407040_153861),
for its financial support in the framework of the National Research Programme 70 “Energy Turnaround”.
The support of Swiss Federal Railways SBB, EnAlpin AG and Gommerkraftwerke AG for enabling the
field investigation at one of their desanding facilities is greatly appreciated.

The co-reviews of Prof. Dr. Nils Rüther, Department of Hydraulic and Environmental Engineering, Nor-
wegian University of Science and Technology, Dr. João Nuño Sequeira Fernandes, Hydraulics and En-
vironment Department, National Laboratory for Civil Engineering, Lisbon, and of Dr. David F. Vetsch,
VAW, are gratefully acknowledged.

Zurich, June 2018 Prof. Dr. Robert M. Boes
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Abstract

Suspended mineral sediments in the turbine water of hydroelectric power plants can pose challenges to
facility operators. Particularly turbines used in medium- and high-head configurations can be subject to
hydro-abrasion. This may lead to a considerable efficiency reduction, accompanied by financial losses. To
encounter this issue, desanding facilities are located between the water intake and the penstock leading to
the powerhouse with the turbines. Their purpose is the reduction of mean particle size and total suspended
sediment mass in the turbine water. The intensity of hydro-abrasion is directly related to the desanding
facility’s trapping efficiency, representing a key factor for sustainable operation of hydroelectric power
plants.

In the scope of the present research project design recommendations and a novel design procedure for the
trapping efficiency optimization of desanding facilities for hydropower schemes were elaborated. For this
purpose a composite approach was followed, meaning the combination of 3D numerical flow and sedi-
ment transport simulations and precedent prototype measurement campaigns. The numerical model was
used to perform a systematic comparative study on the influence of various desanding facility geometric
design parameters and different approach flow conditions. The measurement data served for the calibra-
tion and validation of the numerical model as well as for a performance check of the selected prototype
facilities. The measurement campaigns were conducted at three Swiss prototype desanding facilities and
comprised measurement data acquisition regarding flow field and suspended sediment transport in high
spatial and temporal resolution.

The parameter study findings provide the basis for the development of the proposed design procedure.
The procedure is based on an common existing approach and extends it by taking approach flow condi-
tions, flow transition to the settling basin, the influence of the weir at the basin end and the presence of
tranquilizing racks into account. For this purpose, different adjustment terms are proposed to correct the
estimated required basin length for achieving the desired facility trapping efficiency. The novelty of the
procedure is the consideration of the desanding facility as an integral system, representing an important
advancement over to date design approaches. The underlying concept is demonstrated by means of ap-
plication to two of the investigated prototype desanding facilities and two fictitious test case facilities.
For the prototypes, the estimated required basin lengths are distinctly larger than effectively built, which
appears to be plausible with regard to the identified trapping efficiencies in the measurement campaigns.
For the fictitious test case facilities reasonable basin length estimates are obtained, especially for the
direct comparison of extreme cases such as for example supercritical approach flow and sudden vertical
expansion between inlet channel and basin both at absence of tranquilizing racks.

These findings are promising and indicate that the proposed design procedure is capable to reliably
estimate the required basin length taking the whole desanding facility as an integral system into account.
This makes the procedure attractive to planning engineers and facility operators, particularly against the
backdrop of the reduction or prevention of hydro-abrasive at the machinery of affiliated hydroelectric
power plants.



vi



vii

Kurzfassung

Für Betreiber von Wasserkraftanlagen können im Triebwasser suspendierte Sedimente ein Problem dar-
stellen. Insbesondere die Turbinen an Mittel- und Hochdruckanlagen können Hydroabrasion ausgesetzt
werden. Dies kann zu bedeutenden Wirkungsgradeinbussen verbunden mit finanziellen Verlusten füh-
ren. Um diesem Problem zu begegnen werden Entsandungsanlagen zwischen der Wasserfassung und der
zu den Turbinen führenden Druckleitung vorgesehen. Deren Aufgabe ist die Verringerung der mittleren
Korngrösse und der Gesamtmasse suspendierter Sedimente im Triebwasser. Das Ausmass der Hydroa-
brasion steht im unmittelbarem Zusammenhang mit der Absetzleistung der Entsandungsanlagen, was
somit einen Schlüsselfaktor bezüglich des nachhaltigen und ökonomischen Betriebs von Wasserkraftan-
lagen darstellt.

In der vorliegenden Arbeit wurden Entwurfsempfehlungen und ein neuartiger Entwurfsleitfaden zur
Optimierung der Absetzleistung von Entsandungsanlagen für Wasserkraftanlagen erarbeitet. Zu diesem
Zweck wurde ein hybrider Ansatz verfolgt, dies bedeutet die Kombination von 3D numerischer Simu-
lation der Fliess- und Sedimenttransportprozesse und einer vorhergehenden Messkampagne an Prototy-
panlagen. Das numerische Modell wurde zur Durchführung einer systematischen Parameterstudie hin-
sichtlich des Einflusses verschiedener geometrischer Entwurfsparameter und Zuflussbedingungen von
Entsandunganlagen verwendet. Die Messdaten dienten einerseits der Kalibrierung und Validierung des
numerischen Modells, andererseits der Funktionskontrolle der ausgewählten Prototypanlagen. Die Mess-
kampagne wurde an drei Schweizerischen Entsandungsanlagen durchgeführt und beinhaltete eine um-
fangreiche Datenerfassung zur Anlagenhydraulik und Schwebstofftransport.

Die Erkenntnisse aus der Parameterstudie bilden die Grundlage für die Entwicklung des vorgeschlage-
nen Entwurfleitfadens. Dieser basiert auf einem bestehendem üblichem Bemessungsansatz und erweitert
diesen deutlich durch die Berücksichtigung von Zuflussbedingungen, den Fliessübergang von Zulaufka-
nal ins Becken, den Einfluss des Wehres am Beckenende und das Vorhandensein von Beruhigungsre-
chen. Dazu wurden verschiedene Korrekturterme entwickelt, durch welche eine Anpassung der für die
projektierte Absetzleistung erforderlichen Beckenlänge vorgenommen wird. Die Neuheit des Entwur-
fleitfadens liegt in der Berücksichtigung der Entsandungsanlage als Gesamtsystem, was eine wichtige
Weiterentwicklung bestehender Bemessungsansätze darstellt. Die Eignung des Entwurfleitfadens wird
durch Anwendung auf zwei der untersuchten Entsandungsanlagen und an zwei fiktiven Testfällen nach-
gewiesen. Für die untersuchten Entsandungsanlagen wird eine im Vergleich zur realen Beckenlänge ca.
20% erhöhte erforderliche Beckenlänge abgeschätzt, was im Hinblick auf die bei den Feldmessungen
festgestellten Absetzleistungen als plausibel erscheint. Für die fiktiven Testfälle werden realistische Be-
ckenlängen errechnet, insbesondere bei direktem Vergleich von Extremfällen. Diese sind beispielsweise
schiessender Abfluss und Verzicht einer Übergangszone bei gleichzeitigem Verzicht auf Beruhigungsre-
chen.

Diese Erkenntnisse sind vielversprechend und deuten an, dass der vorgeschlagene Entwurfleitfaden rea-
listische Abschätzungen der erforderlichen Beckenlänge unter Berücksichtigung einer Entsandungsanla-
ge als Gesamtsystem ermöglicht. Dies macht den Entwurfleitfaden attraktiv für Planungsingenieure und
Anlagenbetreiber, insbesondere vor dem Hintergrund der Reduktion bzw. Verhinderung von Hydroabra-
sion der Maschinenteile angeschlossener Wasserkraftanlagen.
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1 Introduction

1.1 Background and motivation

Suspended mineral sediments in the turbine water of hydroelectric power plants (HPPs) can pose challen-
ges to facility operators. Besides other components, particularly turbines used in medium- and high-head
configurations can be subject to hydro-abrasion, leading to a considerable efficiency reduction (Padhy
and Saini, 2011). This issue results in substantial drawbacks, for example frequent operational interrup-
tions to repair or even replace the machines, both accompanied by financial loss. For instance, as of
1988 the annual maintenance cost in Switzerland was estimated to some 20 million Swiss francs for both
Pelton and Francis turbines, corresponding to some 2% of the annual revenues of the respective HPPs
(Kalberer, 1988).

Hydro-abrasion is principally controlled by three main factors, namely (i) the quantity and characteristics
of suspended sediments in the turbine water (‘sand side’), (ii) the type and construction of the turbine
(‘turbine side’), and (iii) the hydraulic head. The latter is a primary design parameter of a hydropower
scheme and can be controlled by the selected location of turbine water intake and powerhouse. The sand
side and turbine side are mutually dependent, therefore an integral concept is required to cope with the
challenges of hydro-abrasion. In this context it is referred to the summarizing elaboration of Felix et al.
(2016c).

Nowadays, the need for adequate sediment handling increases due to climate change. Continuous in-
vestigations of Paul et al. (2013, 2014, 2015) unveil that almost each of the approximately one hundred
surveyed Swiss glaciers is subject to meltdown during the investigated years. Similar holds for Europe as
a whole (Beniston et al., 2018). Enormous amounts of mineral material with a wide spectrum of particle
sizes were deposited and accumulated in glacial areas as a consequence of glacial abrasion processes
(Boulton, 1982). Due to glacial retreat, this material has been uncovered and could erode due to missing
stabilizing factors (Zepp, 2014). Waters from glaciated catchment areas can therefore exhibit increasing
loads of sediments (Haeberli et al., 2013), transported either as bed load or suspended load, depending
on the hydraulic and sedimentological conditions. Following various investigations, the mineralogical
composition of the sediments transported by suchlike waters often shows a high fraction of feldspar and
quartz (e.g. Krause and Grein, 1996, Ortmanns, 2006). Both of these minerals are much harder than the
alloy steel typically used for turbine components (e.g. Zollern Stahl, 2004, Ortmanns and Minor, 2007),
for that reason being among the most deciding factors leading to hydro-abrasive wear (Winkler et al.,
2011).

To encounter the above mentioned problems from the sand side, at HPPs without reservoir, desanding
facilities are arranged between the water intake and the penstock leading to the powerhouse with the
turbines. In contrast, at HPPs fed by water from a reservoir desanding facilities are not required upstream
of the penstock, because the reservoir acts as a large desanding facility. However, desanding facilities
could be arranged at the reservoir inflows to minimize reservoir sedimentation, as for example in the
case of Pfaffensprung reservoir in Switzerland.

The purpose of desanding facilities is the reduction of (i) mean particle size and (ii) total suspended
sediment mass in the turbine water. In desanding facilities, the flow is retarded and temporally stored,
allowing the suspended sediments to settle to the basin bed. The deposited sediments are flushed conti-
nuously or intermittently. The intensity of hydro-abrasion is directly related to the efficiency of desanding
facilities, representing a key factor for sustainable operation of HPPs. For this reason, research on facility
performance is intensified by means of the preset research project. In the context of desanding facility
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performance moreover a novel definition of efficiency is proposed. The so-called ‘abrasion-potential-
related’ trapping efficiency takes both mean particle size and sediment mass in the turbine water into
account. This definition allows to directly relate desanding facility performance to a recent turbine abra-
sion model proposed by IEC (2013).

In general, several types of desanding facilities exist, whereas quasi exclusively the elongated type is
used in Switzerland. This was shown on the basis of a survey conducted by Ortmanns (2006). For that
reason, elongated desanding facilities are the subject of the present research work. In principle, they are
composed of an intake structure, an inlet channel to transport the water to the settling basin, the basin
itself, a transition zone between inlet channel and basin and an outlet structure at the end of the basin.

Within the present research work the term ‘desanding facility’ is used. According to the field of applica-
tion and the technical capabilities, this denotation is considered as the most appropriate one. This term
implies a reduction of sediment particles within the size range of sand (diameter of 2÷0.06mm, accor-
ding to SNV, 1986). Depending on literature as well as on the language region, further notations such
as sand trap or desilting facility can be found, whereas the latter might suggest the less likely capability
to remove particles within the range of silt (diameter of 0.06÷0.006mm, according to SNV, 1986) from
the water.

1.2 Objectives and methods

There are currently no general design guidelines for desanding facilities taking the approach flow con-
ditions and transition zone geometry into account. The current design approaches focus mainly on the
basin geometry. For the transition zone, only few recommendations exist. The approach flow is common-
ly assumed to be fully developed channel flow, which is often not the case in reality. The influence of
both turbulence and basin flow field resulting from approach flow conditions on the particle settling in
desanding facilities is not fully understood (cf. Ortmanns, 2006). Therefore, more research on the effect
of the facility geometry and approach flow conditions on the flow field and sediment settling is needed for
an appropriate design of desanding facilities with optimal settling efficiency. This is especially important
in the light of the expected increasing sediment yield due to climate change as described in Section 1.1
to allow for an as efficient and economic as possible HPP operation. Since there is still a lack of an
engineering-oriented formulation to reliably estimate the trapping efficiency and required basin length,
the objective is to develop an enhanced guideline for the design of desanding facilities. An emphasis is
put on the effects of various geometrical parameters as well as different approach flow conditions. For
this purpose, the optimization potential is systematically investigated in a parameter study by means of
a composite approach, i.e. modeling flow and sediment transport by numerical simulations calibrated
and validated based on experimental data obtained from a precedent measurement campaign. The main
research objectives are as follows:

� improved understanding of effects resulting from various geometric parameters and approach flow
conditions on

– (i) flow characteristics and

– (ii) suspended sediment transport and trapping efficiency

� development of design recommendations to increase trapping efficiency considering approach flow
conditions, inlet channel, transition zone and basin as an integral system.

The following basic hypotheses underlie the present research project and determine the investigation
parameters of interest:

� Hypothesis #1: Due to non-uniform flow conditions at the basin entrance caused by inlet channel
curvature or angularity, basin turbulence is increased, leading to decreased facility efficiency.
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� Hypothesis #2: Due to inappropriate design of the transition zone, stall and formation of jet flow
occur, which entail the formation of wake and recirculation zones and increase basin turbulence,
leading to decreased facility efficiency.

� Hypothesis #3: The presence of multi-row tranquilizing racks in the transition zone aligns and
damps the approach flow, which increases basin flow homogeneity and reduces basin turbulence,
leading to increased trapping efficiency.

1.3 Thesis outline

Findings from a literature review and a conspectus of theoretical fundamentals regarding the topics that
are relevant for the present research project are presented in Chapter 2. Chapter 3 deals with the conduc-
ted measurement campaign and gives detailed information on the employed instrumentation, the inves-
tigated prototype desanding facilities, the measurement setup as well as measurement procedure and the
measurement data processing.

The evaluation of the measurement data is presented in Chapter 4. Various of the evaluated data were used
for the calibration and validation of the flow and sediment transport model of the numerical simulation
software applied for the conducted systematic parameter study. The numerical model as well as the model
calibration and validation simulations are described in Chapter 5. The comprehensive parameter study
itself is content of Chapter 6. Based on the parameter study results enhanced design recommendations
and an engineering-oriented design guideline are elaborated in Chapter 7. Finally, the main findings
from the conducted research work and recommendations for future research projects are summarized in
Chapter 8.
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2 Literature review and fundamentals

2.1 Desanding facilities

Desanding facilities are built to reduce the mean particle size and total mass of suspended sediments
in the turbine water mainly at medium- and high-head HPPs. The typical design of the commonly used
elongated desanding facility is schematically shown in Figure 2.1.

Inlet channel Transition zone Basin

Outlet

Flow

Intake

Flow
A A

B B

Plan view (B-B)

Sectional view (A-A)

α

α

β

Figure 2.1: Schematic illustration of a typical elongated desanding facility; α and β are the horizontal and vertical
expansion angle, respectively

The turbine water is diverted from a river by means of an intake structure, such as side or bottom intake
(Tyrolean weir). It is then directed through an inlet channel towards a settling basin. The flow velocity in
the inlet channel is essentially controlled by the intake type. Side intakes are typically accompanied with
subcritical inlet channel flow, whereas bottom intakes (Tyrolean weirs) often imply steep inlet channels
with supercritical flow. The latter is to prevent deposition of coarse sediment particles that are transported
at the stream bed and that are typically collected at bottom intakes.

Between inlet channel and basin, a transition zone is located. It is intended to serve for an even horizontal
and vertical expansion of the flow area between inlet channel and settling basin. In general, the transition
zone length is defined as the distance required to change from the inlet channel cross section to the basin
cross section. This means that the horizontal and vertical expansion do not necessarily end at the same
streamwise position. In the basin the flow is retarded, allowing the suspended sediments to settle to the
basin bed. At the basin outlet, a weir impounds the flow. In the ideal case, the outflow from the desanding
facility shows a reduced mean particle size and concentration of suspended sediments. The outflow is led
to the penstock and finally to the HPP powerhouse.

To remove the deposited sediments, flushing systems are located at the basin bed. Flushing happens either
in continuous or intermittent operation. Several flushing system types exist, namely Büchi, Bieri, Dufour,
HSR (Hochschule Rapperswil) and SediCon Sluicer (former 4S, Serpent Sediment Sluicing System). Fol-
lowing the survey of Ortmanns (2006), most Swiss facilities are equipped with the Büchi and Bieri type
flushing system, whilst the Dufour type system is rare. The HSR system became popular starting in the
early 2000s and is already installed at numerous desanding facilities in Switzerland, Austria and Italy
(HSR, 2015). The SediCon Sluicer system is increasingly employed on the Indian subcontinent as well
as in Ecuador, especially at pressurized tunnel desanding facilities (Jacobsen and Sood, 2015).
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To ensure an effective flushing system operation, the basin cross section geometry often exhibits a trape-
zoidal bed (Figure 2.2 (a)). The lower part acts like a funnel, concentrating deposited sediments towards
the flushing system at the basin bed. The side wall inclination in the trapezoidal area is typically chosen
to about 80% against the horizontal (e.g. Ortmanns, 2006, Giesecke et al., 2014). Besides the confi-
guration with trapezoidal bed, basin geometries with horizontal bed are common (Figure 2.2 (b)). The
cross sectional bed shape depends mainly on the requirements of the installed flushing system, but can
also be reasoned by operational or structural conditions. For both cross section types the cross sectional
mean flow depth is calculated as hcs,m = Acs/W , with Acs and W being the cross sectional flow area and
basin width, respectively. In the planning stage it has to be taken into account that deposited sediment
increasingly reduces the clear cross sectional flow area if it is intended to install a flushing system which
operates intermittently.

(b)

hcs,m

W W

horizontal bedtrapezoidal bed

(a)

hcs,m

Acs Acs

Figure 2.2: Schematic sketch of a desanding facility cross section with (a) trapezoidal and (b) horizontal basin bed

2.2 Trapping efficiencies

2.2.1 Introduction

The trapping efficiency η is commonly used as a measure of desanding facility functionality and per-
formance. Several definitions of trapping efficiency implying different approaches exist. In general, the
higher the trapping efficiency, the better a facility works. To achieve the desired facility functionality, an
appropriate choice of trapping efficiency in the planning stage is crucial.

The trapping efficiency is determined by operational demands with particular respect to hydro-abrasion
(Section 2.4) and basin deposition flushing intervals (cf. Section 2.1). If particles down to a specific
critical limit size dcr should be excluded from the turbine water, the particle-size-related approach is
followed. If a reduction of the overall sediment mass is aimed at, the mass-related approach is followed.
However, based on the particle size distribution (PSD) in the turbine water a specific mass reduction
can always be expressed by complete exclusion of a specific corresponding particle size. Moreover a
combination of both approaches is conceivable, for example when complete exclusion of particles dcr

and a certain mass reduction is required. It follows that either the one, or the other approach is the stricter
criterion, because the overall mass fraction of particles dcr could either be minor, or represent about the
total sediment load in the turbine water.

2.2.2 Mass-related and concentration-related

The mass-related trapping efficiency ηm compares the absolute sediment masses entering and leaving the
facility per unit time (e.g. Ranga Raju et al., 1999) as:

ηm = 1−
ms,out

ms,in

[–] (2.1)
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This approach does not account for particle sizes at all. A mass-related trapping efficiency of η =

1 is equivalent to a complete exclusion of all suspended sediments from the water. Similar to this,
the concentration-related trapping efficiency ηc compares sediment concentration (either gravimetric or
volumetric) in the inlet and at the outlet of the facility (e.g. Ortmanns, 2006), again not taking particle
sizes into account:

ηc = 1−
Cs,out

Cs,in

[–] (2.2)

While water discharge is considered in the mass-related approach, the concentration-related approach
serves as a simplified estimation based on measured concentrations only.

2.2.3 Particle-size-related

The particle-size-related trapping efficiency ηs considers excluding sediment particles exceeding a de-
fined size from the water (e.g. Singh and Kumar, 2016). Principally, the particle-size-related trapping
efficiency could be estimated for all particle sizes occurring in a desanding facility. In practice, it is
determined with reference to the so-called critical limit particle size dcr (cf. Section 2.3.1). The critical
limit particle size is no universal value, but is rather depending on specific requirements of the opera-
tor of each particular desanding facility and could for example be provided by the turbine manufacturer
as to hydro-abrasion. Depending on the present PSD curve and the chosen critical limit particle size,
particle-size-related and mass-related / concentration-related trapping efficiency can be similar or can
differ distinctly (cf. Section 4.7).

Following Lysne et al. (2003), the critical limit particle size should be dcr = 400µm at Francis tur-
bine configurations to avoid damage by suspended sediments passing the gap between runner and cover
plate. Moric (1996) conducted a study on the economic optimization of the dimensions of desand-
ing facilities taking particle-size dependent repair cycles due to hydro-abrasion into account. He found
dcr = 200÷300µm to be appropriate regarding cost effectiveness. Ignoring economic considerations, a
reference value of dcr = 200÷500µm and dcr = 50÷100µm at medium- and high-head HPP configura-
tions, respectively, is suggested in Giesecke et al. (2014). The latter value range can hardly be achieved
by conventional desanding facilities, however, but rather requires head reservoirs. Further hints for the
choice of the critical limit particle size can be found in Section 2.4.

2.2.4 Abrasion-potential-related

The determination of the abrasion-potential-related trapping efficiency ηAP represents a novel approach
to directly relate facility performance to hydro-abrasion. This approach is based on the abrasion model
of IEC (2013), which is expressed by Eq. (2.17). The abrasion potential AP is defined as:

AP =Cs,g kshape khardness ksize [g/l] (2.3)

where Cs,g = suspended sediment gravimetric concentration [g/l]; kshape = coefficient for sediment shape
[−]; khardness = coefficient for sediment hardness [−]; ksize = d50[µm]/1000µm = coefficient for particle
size as recommended by IEC (2013) [−]. The abrasion-potential-related trapping efficiency ηAP is:

ηAP = 1− APout

APin

[–] (2.4)
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2.3 Design approaches

2.3.1 Classical approach after Camp (1936)

The basic design approach for desanding facility basins is based on principal findings in the field of
settling tanks and clarifiers tracing back to Camp (1936, 1942). In the following, this approach is denoted
as classical approach. An extensive description can be found in Mosonyi (1956). The approach follows
the objective to completely exclude particles larger or equal to a defined critical limit particle size dcr

from the water, meaning ηs = 1.0 (cf. Section 2.2). It presumes the following assumptions:

� constant longitudinal basin mean flow velocity vx,m

� no transverse (vy) and vertical (vz) flow velocity components, meaning vx,m equals the flow velocity
magnitude v

� longitudinal velocity of suspended particles equals vx,m (advection, no slip assumption)

� homogeneous approach flow conditions upstream of the basin

� constant settling velocity ws of sediment particles, meaning no change in density, shape or orien-
tation

� no resuspension of particles at the basin bed

Incorporating these assumptions, the horizontal trajectory Ts,x of a particle entering the basin is defined
as:

Ts,x =
L

vx,m

[s] (2.5)

where L = basin length [m]; vx,m = mean longitudinal flow velocity [m/s]. In analogy, the vertical trajec-
tory Ts,z for completed settling of a particle in terms of reaching the basin bed after entering the basin at
the water surface is expressed as:

Ts,z =
hm

ws

[s] (2.6)

where hm = mean basin flow depth as the average of all cross sectional mean flow depths hcs,m [m]; ws =

settling velocity of sediment particle [m/s] (here: of the defined critical limit particle size dcr). The mean
flow velocity in the basin can be calculated based on the continuity equation as follows:

vx,m =
Qd

Am

=
Qd

W hm

[m/s] (2.7)

where Qd = basin design discharge [m3/s]; Am = mean cross sectional basin flow area as the average of
all cross sectional flow areas Acs [m2]; W = basin width [m]. At this step of the design procedure, it is
important to limit the mean longitudinal flow velocity vx,m such that re-suspension of deposited particles
is prevented. Therefore, the critical flow velocity corresponding to the chosen critical limit particle
size has to be determined. This is usually done according to the findings of Shields (Camp, 1942, cf.
Section 2.5.3). Another occasionally used approach to estimate the critical flow velocity for incipient
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motion of particles at the bed was suggested by Camp (presented in Mosonyi, 1956), formulated as
follows:

vx,cr = a
√

d [m/s] (2.8)

The particle diameter d has to be inserted in millimeters, while a = 51 for d < 0.1mm, a = 44 for
0.1 < d < 1mm and a = 36 for d > 1mm applies, respectively. As a first approach vx,cr . 0.3m/s should
be chosen (e.g. Giesecke et al., 2014).

When specifying the mean basin flow area Am (and thus mean flow depth hm) the effect of deposited
sediment onto the effective flow area needs to be considered. The basin flow area is often conceptually
divided into an area used for the deposited sediments (corresponding to the trapezoidal part in typical
geometries, cf. Figure 2.2) and a so-called effective flow area (e.g. Patt and Gonsowski, 2011). Thus,
the effective flow area equals the total available flow area only when the basin is free from sediment
deposition. The effective flow area decreases as deposition increases.

Combining Eq. (2.5) and (2.6) leads to the following formulation (also referred to as ‘simple settling
theory’, Mosonyi, 1956) to estimate the required basin length:

L = hm

vx,m

ws

[m] (2.9)

Eq. (2.9) expresses the concept of linear settling paths of particles, being composed of the vectorial
sum of longitudinal and vertical motion of the particles. This means that all particles with d = dcr show
parallel settling trajectories as schematically illustrated in Figure 2.3. Still assuming entering at the water
surface, particles of size d > dcr settle faster, whilst particles of size d < dcr are not excluded during basin
passage.

Flow

L

h m

vx,m

ws
g

Figure 2.3: Linear particle settling trajectories (‘simple settling theory’) without the presence of turbulence; particle
represented by black dot (modified from Camp, 1942)

As can be directly seen from Eq. (2.9), the particle settling velocity ws is a decisive factor for the es-
timation of the required basin length – and the one most fraught with uncertainties. The actual particle
settling velocity ws matches the particle still water settling velocity ws,0 in cases where:

� no upwards directed flow velocity components or vortex structures retard the settling process

� no inter-particle collision and fluid return flow induced by particles settling in close proximity is
present

For desanding facilities, particularly the first condition does not apply (cf. Section 4.3 and Ortmanns,
2006), which was already identified by for example Camp (1942) himself and Dobbins (1944). To take



10

the possible retarding effect of turbulence on particle settling into consideration, the still water particle
settling velocity ws,0 is reduced by a correction term4ws to obtain an estimate for ws as:

ws = ws,0−4ws [m/s] (2.10)

The settling velocity reduction was found to be linked with the longitudinal basin flow velocity. Various
investigations conducted by Bestelli, Büchi, Sokolow and Velikanov (all cited in Mosonyi, 1956) yielded
the following empirical relation to determine4ws:

4ws =
0.132√

hm

vx,m [m/s] (2.11)

This means the deeper a basin is, the higher the settling velocity ws is. It is questionable if this coherence
is physically meaningful. This issue could not be solved in the scope of the present thesis since the
author could not find any bibliographical reference for the derivation of Eq. (2.11). It has to be noted that
a further reduction of the still water settling velocity could be required for situations with significantly
increased sediment concentrations as described in Section 2.5.2.4. Combining Eqs. (2.9), (2.10) and
(2.11) results in Eq. (2.12) for estimating the required basin length for separation of particles with
critical limit particle size. It is fundamental to this concept that turbulence characteristics and quantities
are constant over basin area and furthermore ideal flow conditions are present already at the basin inlet.

L = hm

vx,m

ws,0− 0.132√
hm

vx,m

[m] (2.12)

Besides the presented approach to determine the basin length L of a desanding facility, several recom-
mendations regarding basin width W and mean flow depth hm exist. According to Mosonyi (1956),
hm usually is between 1.5÷4 m and the mean longitudinal basin flow velocity vx,m should not exceed
0.4÷0.6m/s. It can be found in for example Giesecke et al. (2014) that L/W ≥ 8 and W/hm ≈ 0.8
should apply to allow for an even flow distribution to minimize the appearance of recirculation zones
within the basin. However, no profound corroboration for the latter recommendations was found by the
author of the present thesis.

Following for example Abdel-Magid (1996) or TU Delft (2017), the basin Froude number (denoted as
Camp number in TU Delft, 2017), for rectangular basins calculated as:

F=
Q2

d (W +2hm)

g (W hm)
3 [–] (2.13)

can be used as a measure for basin flow stability. According to TUDelft (2017), unstable flows exhibiting
recirculation zones are likely to appear at F < 10-5.

2.3.2 Approach after Velikanov (1936)

Solely based on the consideration of probabilities, Velikanov (1936), proposed the following equation to
estimate the required basin length L of a desanding facility claiming to take the influence of turbulent
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effects into account:

L =

[
λ vx,m

(√
hm−0.2

)
2.74 ws,0

]2

[m] (2.14)

The coefficient λ needs to be determined based on Figure 2.4 and it is a function of the designed particle-
size-related trapping efficiency ηs (cf. Section 2.2). Hence, the calculated basin length corresponds
exclusively to particles showing a still water settling velocity ws,0 as used in Eq. (2.14).
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Figure 2.4: Determination of the coefficient λ as function of the basin trapping efficiency ηs according to Velikanov
(1936)

2.3.3 Approach after Camp (1953)

Camp (1953) developed a simplified approach to estimate the particle-size-related trapping efficiency
(cf. Section 2.2) of a desanding facility by means of Figure 2.5. For this purpose, he considered the
effects of turbulence on particle settling by taking the findings of Dobbins (1944) regarding concentration
gradient and a mixing coefficient into account. His approach utilizes the so-called overflow rate, which
is the ratio of design discharge Qd and settling surface area W L of the basin. From this, the required
basin length L to achieve the desired trapping efficiency ηs of a defined critical limit particle size can
be determined. In order to do this, the corresponding still water settling velocity ws,0 has to be applied.
Furthermore, basin width W and mean flow depth hm must be provided. Example: The required basin
length to exclude 70% of the particles with ws,0 = 0.03m/s in a basin with Qd = 6m3/s, W = 5m and
hm = 4m (meaning vx,m = 0.3m/s, 122 ws,0/vx,m = 12.2) amounts to ca. L = 29m, with L derived from
LW ws,o/Qd ≈ 0.72.
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Figure 2.5: Trapping efficiency ηs as function of basin length L, basin width W , design discharge Qd , mean basin
flow velocity vx,m and still water settling velocity ws,0 according to Camp (1953)

2.3.4 Approach after Garde (1990)

Based on physical model tests in an experimental flume, Garde et al. (1990) proposed a design approach
which takes the shear velocity instead of basin flow velocity into account. Tests with varying bed slopes,
basin lengths and widths using natural sand particles of various sizes were carried out. The particles were
added to the flow upstream of the basin reach of the model. At the end of the flume, particles not trapped
in the basin were collected, dried and weighed to estimate the mass-related trapping efficiency ηm. The
ratios of still water settling velocity ws,0 and shear velocity u∗ were plotted in a diagram showing the
according ratio of basin length L and depth hm and the according derived trapping efficiency ηm. Based
on curve fitting of these data, the following relation was identified:

ηm = ηm,0

(
1− e−kL/hm

)
[–] (2.15)

In the above equation, ηm,0 denotes the maximum trapping efficiency achievable for a given ratio of ws,0/
u∗ at high ratios of L/hm. The coefficient k needs to be determined by means of Figure 2.6. The described
approach is valid for 2 < L/hm < 50 and covers a particle size range from 82 µm to 1.67mm. An accuracy
of ±50% is stated.
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Figure 2.6: Diagram to determine trapping efficiency ηm,0 and coefficient k in dependency of ratio ws,0/u∗(modified
from Garde et al., 1990)

Applying this approach to estimate the required basin length is not straightforward. The critical limit
particle size has to be defined, resulting in the corresponding still water settling velocity ws,0. From
the hydraulic design of the basin (significantly controlled by the chosen flow depth) the shear velocity
u∗ =

√
grhy S can be computed. Since high trapping efficiencies (say ηm,0 > 90%) are only feasible at

higher ratios of ws,0/ u∗ (cf. Figure 2.6), the hydraulic design has to be chosen accordingly. From ws,0/ u∗
the corresponding values of ηm,0 and k are read off to be used in Eq. (2.15). ηm is commonly chosen as
high as possible, theoretically giving ηm,0 = ηm. Due to the mathematical form of Eq. (2.15), the utilized
value for ηm must be chosen slightly smaller than ηm,0, since the exponential function does not yield
values ηm ≤ 0. Meeting this requirement and providing the basin flow depth hm the required basin length
can be calculated by rearranging Eq. (2.15).

2.3.5 Approach after Ortmanns (2006)

A more recent approach to estimate the required basin length L was proposed by Ortmanns (2006) being
summarized in Ortmanns and Minor (2007). He conducted measurements of flow field and scattered
measurements of suspended sediment concentrations (SSC) at the Swiss desanding facilities Pradella,
Schweiben and Tavanasa. The aim was to take the influence of the vertical flow velocity fluctuations
on particle settling into account, which follows the approach of Bagnold (1966). At all investigated
facilities, the turbulent fluctuations were found to be significantly increased at the basin inlets and to
exponentially decrease along the basin axis. In contrast to the linear settling theory (cf. Figure. 2.3),
presence of a non-linear settling trajectory as shown in Figure 2.7 was assumed.

Flow

L

h m

Figure 2.7: Non-linear particle settling trajectory under the influence of vertical turbulent velocity fluctuations; parti-
cle represented by black dot (modified from Ortmanns, 2006)

To take the above findings into account, the calculative still water settling velocity ws,0 is reduced by
introducing an empirical retardation term and applying this to the classical approach (cf. Section 2.3.1)
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as:

L =
hm vx,m

ws,0− 0.21
K

[m] (2.16)

In the above equation, 0.21/K describes the retardation term. The coefficient K was derived from curve
fitting of the measured cross sectional vertical velocity fluctuations. It considers basin mean flow velocity,
inlet channel mean flow velocity, slope of the transition zone and hydraulic radius at the basin inlet.
Depending on the choice of input parameters (i.e. hydraulic conditions and geometry), application of the
described approach may result in negative required basin lengths, which then necessitates an iterative
procedure to estimate the required basin length. This is when the input parameters of a desanding facility
in the planning stage is markedly different to the characteristics of the investigated prototype facilities,
which where the basis for the performed data fitting and derivation of the coefficient K.

2.3.6 Further investigations on the hydraulic design

2.3.6.1 Transition zone

There is just a small number of design recommendations focusing particularly on horizontal (α) and
vertical expansion angle (β ) of the transition zone (cf. Figure 2.1). However, suggestions can be derived
from recommendations regarding the design of channel transitions and diffusers. For the horizontal
expansion angle α of plain channel expansions (no vertical expansion) with straight vertical walls, Niku-
radse (published in Goldstein, 1965) found α ≤ 4° to be ideal to prevent flow separation within the
expansion. Angles in the range of 4° < α < 5° were stated to be favorable for jets forming along one
of the side walls. With particular regard to minimizing head loss, Henderson (1966) proposes α = 14°.
Mazumder and Kumar (2001) performed laboratory investigations on the influence of the open channel
horizontal expansion angle on flow separation and eddy formation. Increasing flow asymmetry and insta-
bility was found for increasing values of α . For subcritical approach flow, Froude number did not show
any effect on the flow behavior. Merkley (2004) suggests an expansion angle of α = 9.5° as appropriate
for a wide range of application in channel and pipe constructions.

Due to its design and general purpose, the transition zone could be termed diffuser. Even though this
analogy exists, it has to be kept in mind that diffusers are applied in pressurized flows, whereas at a
desanding facility transition zone free-surface flow is present. Nevertheless, the principle processes
applying for diffusers can be used as reference for the design of the transition zone.

In general, the objective of a diffuser is to regain static pressure of a flow by gradually decreasing flow
velocity at the same time (e.g. Blevins, 2003). The higher the percental regain, meaning the lower the
occurring flow losses, the more efficient a diffuser is. According to Blevins (2003), the boundary layer
thickens rapidly and finally detaches from the diffuser walls depending on the diffuser geometry. This
leads to the formation of eddies partially blocking the flow, which is called diffuser stall. Depending on
the stall characteristics, the diffuser efficiency can be substantially reduced.

For approach flow Reynolds numbers R > 5× 104, stall characteristics are mainly controlled by the
diffuser geometry (Blevins, 2003). For two-dimensional, straight-lined diffusers, the expectable stall
regimes depending on expansion angle α , approach channel width Wa and diffuser length Ld are shown
in Figure 2.8. Apparently, small expansion angles α facilitate the prevention of stall, whereas at higher
values of α , even increased diffuser lengths Ld cannot fully compensate the adverse effect of larger ex-
pansion angles. When flow does not conform to the diffuser walls at all, a jet flow develops, which
reduces the diffuser efficiency to approx. zero (Blevins, 2003).
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Figure 2.8: Stall regimes for two-dimensional straight-walled diffusers (modified from Blevins, 2003)

With particular focus on the transition zone of desanding facilities, Lysne et al. (2003) suggest hori-
zontal expansion angles of α ≤ 5°÷ 6°. Laboratory investigations of a desanding facility scale model
conducted by Weerakoon and Rathnayake (2007) show the highest mass-related trapping efficiency for
α = 10°. Horizontal expansion angles of 7, 10, 20, 30 and 90°were tested and particles with a scaled di-
ameter of 90÷125 µm corresponding to a prototype diameter of 300 µm were used. Based on numerical
simulations, Simanjuntak et al. (2009) found α = 14° to be most favorable for the hydraulic conditions at
the basin inlet. They furthermore suggest choosing a basin width amounting to 1.75÷2 times the length
of the transition zone. According to Vischer and Huber (2002), the typical length of the transition zone
amounts to two times the basin width.

In addition to optimize the geometry, components to guide and/or tranquilize the flow can be applied
within the transition zone. Lysne et al. (2003) recommend the use of guide walls as shown in Figure 2.9.
Their purpose is to evenly direct the flow into the basin and to reduce the transition zone length. Shah
et al. (2008) found that certain geometric modifications, such as a simple hump, may improve the overall
facility settling efficiency.

For the vertical expansion angle, Qamar et al. (2014) suggest 23.5°≤ β ≤ 26.6°, based on model studies
at desanding facilities in Himalayan regions. Ortmanns (2006) suggests β ≤ 18.43° with special regard
to space availability for tranquilizing racks.

2α

α/2

α/2

α/2

α/2

Inlet channel

Guide walls

Figure 2.9: Plan view sketch of guide walls in the transition zone of desanding facilities (modified from Lysne et al.,
2003)

Multi-row tranquilizing racks (Figure 2.10) can be used to homogenize and calm the entering flow, serv-
ing for improved basin hydraulics to favor sediment settling. This is the major difference to rack struc-
tures at for example run-of-the-river HPPs: the occurring head loss at tranquilizing racks is not relevant
since it is vanishingly low relative to typical hydraulic heads at medium- and high-head configurations.
Tranquilizing racks are composed of single vertical typically V-shaped bars that are evenly spaced at a
distance of centimeters up to a few decimeters. Rack row spacing amounts to several decimeters.
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Front view

Plan viewFlow
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Figure 2.10: (a) Three examples of tranquilizing racks in the transition zone of desanding facilities and (b) sketch
of two neighboring rack bars in plan and front view

As an alternative to tranquilizing racks, perforated plates or slotted walls can be installed in the transition
zone (Lysne et al., 2003). Incorporation of slotted walls in the transition zone of the Swiss desanding
facility Schweiben showed a marked improvement of the downstream flow field in terms of flow homo-
geneity and turbulence (VAW, 2010).

2.3.6.2 Inlet channel and outlet

Besides the obvious recommendation to linearly align the inlet channel with the transition zone and
basin to facilitate a homogenous basin approach flow, no specific recommendations regarding design
were identified in literature. Lysne et al. (2003) and Qamar et al. (2014) qualitatively recommend to
choose the inlet channel length to be at least ten times of its mean width.

It was stated by the same authors that the flow area of the outlet should be as extended and streamlined as
possible, traversing the whole flow width of the basin. This was confirmed by Janssen (2009) conducting
investigations based on a numerical model. To allow for uniform water withdrawal and to reduce flow
disturbances decreasing basin efficiency, narrow notches or the like should be avoided in the outlet. In
analogy to the transition zone, perforated plates or slotted walls can be installed to homogenize flow
(Lysne et al., 2003).

Following Ingersoll et al. (1956), the inlet structure should in general (i) distribute the inflow uniformly
over the basin flow area, (ii) facilitate horizontal flow paths, (iii) introduce the flow at a minimum turbu-
lence level, and (iv) prevent high bottom flow velocities with regards to particle resuspension.

2.4 Hydro-abrasion

2.4.1 Introduction

Abrasion in general describes the process of wearing out a surface by a solid material by means of
direct dynamic contact. Following fundamental physics, the harder material (abradant) abrades the softer
material. Four principal mechanism of abrasive wear can be distinguished: cutting, particle pull-out,
fracture and fatigue (Stachowiak and Batchelor, 2014).

Cutting occurs if the abradant is moved across the surface of the abraded material with a certain pressure,
presuming a relative motion between both components. The resulting pattern of damage are scratches.
Particle pull-out is based on a very similar procedure, but is characterized by the separation of particles
in the material matrix.
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Fracture, on the other hand, occurs if the abradant contacts the surface of the abraded material in the
form of single impacts, resulting in cracks. Fatigue also results from single impacts, but in contrast to
fracture, the impacts that produce fatigue occur repeatedly at the same location. The resulting damage
pattern is a permanent local deformation of the abraded material.

Hydro-abrasion in particular describes wear that occurs when the abrasive materials are solids carried
by flowing water. In the context of electricity generation from hydropower, hydro-abrasion can occur at
wetted parts of a turbine water system with suspended sediments present. With regard to the suspended
sediments, it is essentially controlled by mineral composition, particle size, particle shape and concentra-
tion (e.g. Winkler et al., 2011, Winkler, 2014). These parameters are described further in the following
sections, with particular focus onto the conditions of Alpine waters with glaciated catchment areas. An-
other decisive factor for hydro-abrasion is the absolute velocity of the abradant-laden water impinging
on the component surface (e.g. Padhy and Saini 2009, 2011 and Winkler et al., 2011). Since this factor is
solely dependent on hydraulic head and mechanical design of the turbine, it is not considered in detail at
this point. Further general and specific information and investigation results can be found in for example
Felix et al. (2012), Abgottspon et al. (2013) or Abgottspon et al. (2016).

2.4.2 Turbine wear

Speaking of hydro-abrasive turbine wear (or erosion), a precise distinction of type and affected specific
turbine component is required. In case of Pelton turbines, especially nozzles, buckets and splitters suffer
heavily if erosion takes place (Zhang, 2016). Guide vanes, covering cheek plates and sealing of the
runner are the most affected components in case of Francis turbines (Gummer, 2009). A summarizing
overview of various investigations with reference to hydro-abrasion at different types of turbines is for
example presented by Padhy and Saini (2008). More recent studies were for example conducted by
Padhy and Saini (2009, 2011), Winkler et al. (2011) and Abgottspon et al. (2013).

Nozaki (1990) developed one of the most common models to estimate or quantify hydro-abrasive wear.
It is based on several years of field investigation at multiple Peruvian HPPs. An estimation of the typical
maintenance intervals for Pelton and Francis turbines is provided, depending on the facility gross head
and a parameter introduced as modified sediment concentration. This factor is composed of mean annual
sediment concentration, modified with coefficients taking average shape, hardness and size of the sus-
pended particles as well as the material of the turbine components into account. The approach proposes
a linear correlation between modified sediment concentration, mean annual sediment concentration and
each of the used coefficients. Nozaki (1990) states that maintenance intervals become the shorter the
higher the modified sediment concentration is, whereas this correlation is nonlinear. Following those
findings, disadvantageous properties of abradant and turbine material regarding abrasion are weighted
with factors above unity in the formula, less unfavorable ones with factors below unity.

A more recent concept for estimating the hydro-abrasive wear in hydraulic turbines is proposed by the
IEC (2013). This concept combines the findings of various wear models, focusing on the estimation
of the erosion rate as a function of different turbine and sedimentological parameters. To estimate the
erosion rate the following abrasion model can be used:

4de

4t
=

K f

RSp
Km vx

r Cs,g kshape khardness ksize [mm/h] (2.17)

where4de = erosion depth [mm]; 4t = exposure period [h]; K f = coefficient reflecting flow pattern at
abraded component [−]; RS = turbine component reference dimension [m]; p = exponent for consider-
ation of curvature-dependent effects; vr = relative velocity between flow and turbine component [m/s];
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x = exponent to modify relative velocity [m/s]; Cs,g = suspended sediment gravimetric concentration
[g/l]; ki = coefficients for sediment shape, hardness and size [−], respectively. For further information
on the parameter choice the reader is referred to IEC (2013). The product Cs,g ki (cf. Eg. 2.3) relates
to the sedimentological conditions and is denoted as particle load in the described concept; it may also
be interpreted as the abrasion potential of the sediment-laden flow. The other parameters relate to the
hydraulic and machinery-related conditions of the HPP.

2.4.3 Mineralogical composition

Various mineral materials occur among the entirety of suspended sediments in Alpine waters with
glaciated catchment area (Zepp, 2014). Their mechanical hardness can be rated on the basis of dif-
ferent indices, whereby the most widespread ones are Mohs, Brinell, Rockwell and Vickers (Vijaya and
Rangarajan, 2006). Investigations of for example Krause and Grein (1996) or Ortmanns (2006) regarding
the mineralogical composition of the sediments transported in selected Swiss rivers with glaciated catch-
ment area show high ratios of feldspar and quartz, which have a Mohs hardness of 6 and 7, respectively.
These findings are confirmed by own sediment analyses conducted within the present research project
(Section 3.6.2.2). Research works of Abgottspon (2011), cited in Felix et al. (2012), and Ortmanns
(2006) approaching the monitoring of suspended sediment concentration at waters with a high level of
glaciation reveal a similar picture.

The typically used alloy steel G-X5 CrNi 13/4 for turbine components has a Mohs hardness of ca. 4÷4.5
(e.g. Zollern Stahl, 2004, Ortmanns, 2006), which hence is significantly softer than many commonly
occurring solids in the considered waters. Following Uetz and Gross (1986), wear initiates at the con-
stellation of the same hardness of particles and surface material and rises sharply with increasing particle
hardness. That apparently causes unfavorable conditions in terms of hydro-abrasion.

2.4.4 Particle size

Depending on the catchment area characteristics as well as the extent of crushing controlled by the
processes of sediment transport, particles with a wide spectrum of sizes may exist in Alpine waters (cf.
Boes, 2010, Felix et al., 2012). The correlation between the suspended sediment particle size and the
erosion rate depends on various parameters, for example turbine type, scheme configuration or material
properties (Felix, 2017). Many different erosion models are proposed in literature, representing a large
range of concepts. Basically, all existing models have in common that the erosive wear is the larger, the
larger the particles in the turbine water are. Figure 2.11 exemplarily shows two existing models. One is a
rather simplistic model by Nozaki (1990), who proposed a linear correlation of erosion rate and particle
size. In contrast, more sophisticated models as the step function proposed by Winkler et al. (2011) exist.
With regard to the particle size d the following range definition is applied: silt and clay d < 60µm, fine
sand 60 < d ≤ 200µm, medium sand 200 < d ≤ 600µm and coarse sand 600 < d ≤ 2000µm (SNV,
1986).
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Figure 2.11: Qualitative correlation between relative erosion rate and particle size according to (a) Nozaki (1990)
and (b) Winkler et al. (2011) (modified from Felix, 2017)

Winkler et al. (2011) investigated the influence of various sediment related parameters on the abrasive
wear of a Pelton turbine runner made of alloy steel G-X5 CrNi 13/4 using an experimental rig. To allow
for abrasion, quartz sand was used as suspended abradant. Since the use of particles with only one
specific size was not possible, the effect of particle size distribution of the used compounds needed to be
taken into account. That led to uncertainties with regard to the erosive potential of particles in the fine
sand range, illustrated by a dashed line in Figure 2.11. For their investigated conditions they found a
significant erosion rate increase occurring for particles with diameter of about d = 80÷100µm .

Sulzer Hydro (1996) (cited in DWA, 2006) also experimentally investigated the abrasion rate of Pelton
runners manufactured from G-X5 CrNi 13/4. The critical particle size for abrasion based on the quartz
content was found at a median particle diameter of d50 = 80µm (Sulzer Hydro, 1996). Gummer (2009)
independently confirmed the mentioned results pointing out the considerable abrasive potential of parti-
cles with diameter of 100µm and less. He states that the introduction of those particles into the turbulent
boundary layer close to the surface is assumed a possible reason. Zhang (2016) states based on the-
oretical considerations that for Pelton tubine buckets the abrasive potential of particles in the low fine
sand as well as silt and clay range is minor. This is found to be because of the lower particle inertia,
which results in barely no deviation of the particle trajectory and the streamline of the water jet along
the bucket surface. Hence, only particles being close to the bucket potentially scratch along it and cause
wear, whereas particles further away in the water jet do not reach the bucket surface.

Having applied a test rig with similar conditions as for Pelton and Francis turbines in high-head con-
figurations, Grein and Krause (1994) determined particles with median diameter of d50 = 40÷70µm to
be most critical for abrasion. The effect of quartz sand with median diameter up to d50 = 225µm was
investigated. Investigations conducted already earlier identified single quartz particles with a diameter of
d = 250µm to be very harmful to turbine components (Sokolow, cited in Mosonyi, 1956).

It can be concluded that the effect of particle size onto hydro-abrasive wear cannot be clearly univer-
sally indicated, but is rather dependent on the overall particle size distribution, the affected mechanical
component, hydraulic conditions and total sediment concentration. Nevertheless, particles in the range
of d = 60÷200µm appear to be critical, whereas finer particles may be acceptable in the turbine water
with regard to hydro-abrasion.

2.4.5 Particle concentration

Various investigations found an approximately proportional temporal correlation between abrasive wear
of turbine components and SSC in the admitted turbine water. In other words, the higher the concentra-
tion, the higher the wear (e.g. Grein and Krause, 1994, Padhy and Saini, 2009, Winkler et al., 2011). All
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mentioned investigations used sediment samples with very high quartz content. Furthermore, wear was
measured in each case as a quotient of turbine material loss over test duration, referred to as abrasion
rate.

Grein and Krause (1994) used particles of four grading curves with median particle diameter d50 of
about 10, 40, 45 and 225µm, respectively. The suspended sediment gravimetric concentrations Cs,g lay
in between 1÷8g/l. Padhy and Saini (2009) examined four particle classes with particle diameters of
355÷ 255, 250÷ 180, 180÷ 90 and below 90µm, respectively. Cs,g was chosen to be 5, 7.5 and 10g/l.
Winkler et al. (2011) used particles of seven grading curves with median particle diameter d50 = 2÷50µm
and mainly Cs,g = 10g/l. Felix (2017) expresses the assumption that at high SSC (no numbers given) the
abrasive potential might sub-proportionally increase with SSC. He supposes a so-called cover effect,
meaning that the probability of particles impacting on other particles instead of the turbine component
increases.

Linking Sections 2.4.4 and 2.4.5, it should be noted that the abrasion potential of high concentrated fine
particles could be greater than a low concentration of coarse particles.

2.4.6 Particle shape

According to investigations of for example Krause and Grein (1996), Ortmanns (2006), Felix (2017) and
own analyses (see Section 3.6.2.2), the mineral composition of suspended sediments in Alpine waters
with glaciated catchment area is usually dominated by high amounts of feldspar and quartz. Beside
difference in hardness, minerals moreover can exhibit various particle shapes. Figure 2.12 shows samples
of feldspar and quartz, recorded with an electron microscope for comparison. While feldspar commonly
exhibits sharp and irregular shapes, quartz particles are more rounded. Although quantitative estimations
are not available, sharply edged particles are known to show higher abrasion potential due to the cutting
impact (Winkler et al., 2011). Figure 2.13 points out the shape dependent damage pattern caused by the
abradant.

(a) (b)

Figure 2.12: Particle samples recorded with electron microscope (Boes et al., 2013): (a) feldspar (d50 = 34 µm) (b)
quartz fine sand (d50 = 147 µm)

(a) (b)

Figure 2.13: Schematic illustration of damage pattern depending on abradant shape: (a) sharply edged shape (b)
blunt, rounded edge (modified from Stachowiak and Batchelor, 2014)
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2.5 Sediment transport

2.5.1 Introduction

In general, the motion of particles in water can be distinguished in bed load and suspended load transport.
The latter comprises the wash-load, which consists of very fine particles being evenly distributed over
the whole flow depth and showing no interaction with the bed. Although two different main philosophies
(Bagnold and Einstein, respectively) for its definition exist, bed load comprises the transport modes
sliding, rolling and saltation (ASCE, 2008). Suspended load is assumed to be transported within the
water body. Besides these processes, particle settling (deposition) and resuspension (entrainment) of
deposited particles exist. Change from saltation to suspension is a highly intermittent process and is thus
difficult to demarcate (Bose and Dey, 2013).

At desanding facilities with a side intake, the altitude of the inlet weir sill prevents particles transported
as bed load in the diverted stretch of water to enter the inlet channel. Hence, water passing the intake and
entering the inlet channel commonly exhibits only suspended sediment particles. At desanding facilities
equipped with a bottom intake, bed load is collected due to the bottom intake function principle. For this
reason, additional gravel traps removing all coarse matter from the water upstream of the inlet channel
are used, or alternatively both gravel and sand are trapped in a common basin. For both cases, however,
it must be ensured that the suspended sediments do not deposit in the inlet channel due to the changed
hydraulic conditions, possibly leading to a limited functionality of the inlet channel. If particles settle to
the inlet channel bed, they should at least be transported further as bed load into the settling basin.

Besides the previously described primarily longitudinal oriented transport process, settling of particles
within the water column is of major importance. It is generally controlled by several parameters, which
in particular are (i) particle size, (ii) particle shape, (iii) particle density, (iv) concentration, (v) state
of motion of the sediment carrying water, (vi) viscosity of the water-sediment mixture, and (vii) extent
of the settling volume (ASCE, 2008). Basic findings trace back to Newton and Stokes, who conducted
investigations on the settling of discrete, rigid, ideal spherical particles under still water conditions (Sec-
tion 2.5.2.1).

However, meeting the needs of many hydraulic engineering applications, the investigation of randomly
shaped, non-spherical particles in natural environments is of importance. In fact, natural waters and
hydraulic structures can show high concentrations of suspended sediments and still water conditions do
not apply. Most commonly, the corresponding flow conditions are turbulent. Depending on particle
shape (Section 2.5.2.2), turbulence (Section 2.5.2.3) and concentration (Section 2.5.2.4) the settling of
natural particles is temporally and spatially fluctuating and hence difficult to quantify. Due to possibly
non-streamlined orientation of natural particles during settling, their settling velocity could be either
reduced compared to an ideal spherical particle of equal weight, or even prohibited (cf. Dobbins, 1944,
Camp 1946, 1953, Kalbskopf, 1966, Murray, 1970, Tomkins et al., 2005). As desanding facilities at
natural waters are the topic of the present research work, the focus is put on the settling of non-spherical,
randomly shaped particles under the influence of turbulence.

2.5.2 Settling

2.5.2.1 Sphere in still water

A rigid spherical particle settling under still water conditions is basically subject to the gravitational
force Fg,s (against direction of motion) and the drag force FD,s (upwards directed). The fluid is assumed
to be incompressible and no other particles nearby affect the flow pattern. For the determination of the
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gravitational force, the buoyant particle weight is taken into consideration, giving:

Fg,s =
π gd3

6
(ρs−ρw) [N] (2.18)

where g = gravitational acceleration [m/s2]; d = particle diameter [m]; ρs = particle density [kg/m3];
ρw = water density [kg/m3].

The drag force considers friction resistance and momentum exchange due to the relative movement of
particle and water. The final constant particle velocity reached at equilibrium of all involved forces is
called terminal velocity or settling velocity ws,0. It is hence obtained by equating gravitational and drag
force and solving for ws,0. The present drag force is depending on whether the flow regime around the
particle is laminar or turbulent, expressed by the particle Reynolds number Rs, which is defined as:

Rs =
d ws,0

νw

[–] (2.19)

where Rs = sediment particle Reynolds number [−]; ws,0 = still water settling velocity [m/s]; νw = water
kinematic viscosity [m2/s]. For Rs & 1000 (turbulent flow, viscous forces negligible compared to inertial
forces) the drag force can be calculated according to Newton’s resistance law, which for a spherical
particle is:

Fd,s = cd

π

8
ρw d2 w2

s,0 [N] (2.20)

where cd = drag coefficient [−]. The dimensionless drag coefficient cd is used to quantify the flow
resistance of the particle in water and is the lower the less a particle is subject to hydrodynamic drag.
Equating Eq. (2.18) and (2.20) and solving for ws,0 gives the general equation for the settling velocity of
a spherical particle in the turbulent flow regime:

ws,0 =

√
4
3

ρs−ρw

ρw

gd
cd

[m/s] (2.21)

According to for example Dallavalle (1948), Zanke (1982), Cheng (1997) or Ferguson and Church (2004)
it is generally agreed on cd ≈ 0.4 for Rs ≈ 103÷105 and a sudden reduction of cd < 0.4 for Rs ≈ 105÷106.

For Rs . 1 (laminar flow, inertial forces negligible compared to viscous forces) the drag force can be
calculated according to Stokes’ law, which for a spherical particle is:

Fd,s = 3π d µw ws,0 [N] (2.22)

where µw = water dynamic viscosity [Ns/m2]. Equating the weight force (Eq. 2.18) and the drag force
given by Stokes’ equation (Eq. 2.22) and solving for ws,0 gives the general equation for the settling
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velocity of a spherical particle in the laminar flow regime:

ws,0 =
gd2

18 µw

(ρs−ρw) [m/s] (2.23)

For the laminar flow regime, the following linear correlation between drag coefficient cd and particle
Reynolds number Rs can be identified:

cd = 24/Rs [–] (2.24)

Besides the laminar and the turbulent flow regimes a transitional range 1. Rs . 1000 exists. In the tran-
sitional range, cd is a function of Rs. In order to determine the drag coefficient for the transitional range,
various theoretical (e.g. Oseen, 1927, Goldstein, 1929, cited in Graf, 1971) and empirical approaches
(e.g. Torobin and Gauvin, 1959, Schiller, 1932, Dallavalle, 1948, Olson, 1961, all cited in Graf, 1971,
Zanke, 1977, ASCE, 2008) exist. Some experimental data and empirical findings are summarized in
Figure 2.14
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Figure 2.14: Drag coefficient cd of a spherical particle depending on the particle Reynolds number Rs (modified
from Graf, 1971)

2.5.2.2 Effect of particle shape

In analogy to spherical particles, the drag coefficient cd of natural particles approximates a constant
value for high particle Reynolds numbers (103 < Rs < 2× 105), which is cd ≈ 1÷ 1.2 (e.g. Cheng,
1997, Ferguson and Church, 2004). For Rs . 1 (laminar flow), cd = 32/Rs is commonly used (Cheng,
1997). Aiming at determining the settling velocity of natural particles in the transitional range of the
particle Reynolds number (1. Rs . 1000), various investigations exist. Fundamental to several of these
investigations was the introduction of the shape factor Φ by McNown and Malaika (1950) (also denoted
as Corey‘s shape factor, Corey, 1949). It is based on settling experiments with particles of different
shapes. As indicated by Eq. (2.25), the proportions of the main particle axes of the non-spherical, natural
particle are taken into account. A definition sketch is shown in Figure 2.15. For natural sediment particles
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it is typically assumed that Φ = 0.7 (cf. ASCE, 1962, Zanke, 1982).

Φ =
a√
bc

[–] (2.25)

where a = shortest axis of sediment particle [m]; b = longest axis of sediment particle [m]; c = median
axis of sediment particle [m].

a - axis

b - axis c - axis

settling
direction

Figure 2.15: Definition sketch of axes for definition of shape factor Φ (modified from Graf, 1971 and Bezzola, 2017)

Examining available approaches to determine the settling velocity ws,0 of natural particles, a common
typical generalized mathematical form can be identified, which is:

ws,0 = c1

ν

d
[(c2 + c3 d c4

∗ )
c5− c6]

c7 [m/s] (2.26)

with

d∗ = d
(

Gg
ν 2

)1/3

[–] (2.27)

and

G =
ρs−ρw

ρw

[–] (2.28)

where c1÷ c7 = coefficients according to various investigations [−]; d∗ = dimensionless particle diam-
eter [−]; G = submerged specific gravity [−]. Table 2.1 provides an overview of coefficients c1÷ c7

proposed within some well established approaches as indicated. The coefficients were either determined
theoretically or experimentally.
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Table 2.1: Coefficients to determine the settling velocity of natural particles from chosen established investigations
by means of the generalized Eq. (2.26)

Coefficients

Author c1 c2 c3 c4 c5 c6 c7 Note

Zanke (1982)∗ 11 1 0.01 3 0.5 1 1

van Rijn (1984a) 0.056 0 1 3 1 0 1 d3
∗ ≤ 16.187

10 1 0.01 3 0.5 1 1 d3
∗ ≤ 16187

1.1 0 1 1.5 1 0 1 d3
∗ > 16187

Cheng (1997) 1 25 1.2 2 0.5 5 1.5

Soulsby (1997) 1 107.33 1.049 3 0.5 10.36 1

Wu and Wang (2006)∗ 34.57 0.25 0.006 2.25 0.5 0.5 1.33
∗with Φ = 0.7 (natural sand particles)

Putting a particular focus on natural particles of diameters from d = 0.06÷1mm and taking a shape factor
of Φ = 0.7 and a roundness index of P = 3.5 into account, Jiménez and Madsen (2003) developed the
following equation:

ws,0 =

√
Ggd
0.9

(
0.954+

5.12
S∗

)−1

[m/s] (2.29)

with

S∗ =
d

3.6ν

√
Ggd
0.9

[–] (2.30)

where S∗= dimensionless fluid-sediment parameter [−]. Ferguson and Church (2004) proposed Eq. (2.31)
stating the applicability for all particle diameters of natural quartz sand. It was derived based on a dimen-
sional analysis, considering convergence on Stokes’ law for laminar flow (1. Rs) and a constant drag
coefficient for turbulent flow (Rs > 1000).

ws,0 =
Ggd2

18ν +
√

0.75Ggd3
[m/s] (2.31)

Figure 2.16 shows a graphical comparison of the previously presented approaches to determine the still
water settling velocity ws,0 of natural particles, assuming a water temperature of Tw = 10 ◦C, a corre-
sponding kinematic viscosity of νw = 1.31×10−6 m2/s and a particle density of ρs = 2650kg/m3. Only
the size ranges of fine sand (60 < d ≤ 200µm), medium sand (200 < d ≤ 600µm) and coarse sand
(600 < d ≤ 2000µm) are shown as they cover the relevant particle sizes for the field of desanding fa-
cility research. The selection of the presented approaches is not conclusive, a profound summary of the
most important investigations including possible limitations is given by for example Sadat-Helbar et al.
(2009).



26

   Zanke (1982)
   van Rijn (1984)
   Cheng (1997)
   Soulsby (1997)
   Jimenez et al. (2003)
   Ferguson and Church (2004)
   Wu and Wang (2006)

20

16

12

8

4

0

w
s,0

 [c
m

/s
]

d [mm]

2.01.51.00.50.0

Figure 2.16: Comparison of selected approaches to determine the still water settling velocity ws,0 for natural particles
with size d = 0.06÷2 mm for Tw = 10 °C, ν = 1.31 × 10-6 m2/s and ρs = 2650 kg/m3

Figure 2.17 shows the calculative mean still water settling velocity and its standard deviation for the
afore conditions taking all approaches from Figure 2.17 into account. It can be found that the highest
agreement between the selected approaches exists for particles at the lower bound of the fine sand range
(i.e. around d = 60µm), represented by small standard deviations. With increasing particle size, the
standard deviation consistently increases until it levels off at approximately σ = 0.8cm/s for particle
sizes d & 600µm.
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Figure 2.17: Mean value (solid line) and standard deviation σ (dashed line) of the still water settling velocity ws,0

for natural particles with size d = 0.06÷2 mm for Tw = 10 °C, ν = 1.31 × 10-6 m2/s and ρs = 2650 kg/m3 taking the
approaches from Figure 2.17 into account

Since the still water settling velocity ws,0 is a crucial desanding facility design parameter, uncertainty in
its determination directly affects the calculation of the required basin length (cf. Section 2.3). To illus-
trate the sensitivity of ws,0 in the facility design the following calculation example is performed based on
the classical design approach (cf. Section 2.3.1). It is assumed that Tw = 10 ◦C, νw = 1.31×10−6 m2/s,
ρs = 2650kg/m3, mean basin flow depth hm = 0.8m, mean longitudinal basin flow velocity vx,m = 0.15m/s
and critical limit particle size dcr = 300µm. Application of the settling velocity approaches from Fig-
ure 2.16 yields a required basin length range from L = 14.5m (with ws,0 = 0.042m/s from Zanke, 1982) to
L = 27.5m (with ws,0 = 0.028m/s from Wu and Wang, 2006), which is about 90% difference. Applying
the mean value of Figure 2.17 yields L = 19.0m , i.e. a value between the two extremes given before.
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2.5.2.3 Effect of turbulence

The effect of turbulence onto particle settling velocity can be described by four mechanisms which are
mentioned in for example Nielsen (1993) or Kawanisi and Shiozaki (2008). These are (i) vortex trapping,
(ii) non-linear drag, (iii) loitering effect, and (iv) trajectory biasing. Whilst trajectory biasing could lead
to an increased settling velocity (also referred to as ‘fast tracks’), the other mechanisms cause a reduced
particle settling velocity. Some chosen investigations on the effect of turbulence onto particle settling are
summarized hereinafter.

Dobbins (1944) derived a general differential equation addressing sedimentation in two-dimensional,
turbulent flows. Some simplifications were suggested making the formulations more practical, namely
assuming flow velocity and turbulence evenly distributed over flow depth and no turbulent mixing in the
direction of flow. His findings were included in the desanding facility design approach of Camp (1953)
(cf. Section 2.3.3). Kalbskopf (1966) conducted physical model studies to determine the desanding
facility trapping efficiency as function of the actual turbulence level. The mean flow velocity in the
model basin was varied representing different turbulence levels. The theoretical findings of Dobbins
(1944) and Camp (1946) were validated. Bagnold (1966) stated based on a theoretical investigation that
particle settling can be hindered when the vertical flow velocity fluctuation exceeds the particle settling
velocity. This fundamental concept is the basis for the desanding facility design approach proposed by
Ortmanns (2006), as described in Section 2.3.5. Murray (1970) investigated the effect of turbulence onto
still water settling of spherical particles. An artificially produced turbulence field was generated by an
oscillating grid in a laboratory test rig. A constant particle diameter of d = 2mm was tested. The settling
velocity was found to be reduced by up to 40% in relatively weak grid turbulence, while it could be
increased due to stronger turbulence. Jobson and Sayre (1970) examined the mean horizontal transport
distance of particles released at the water surface in open channel flow. A laboratory flume and spherical
glass beads with d = 123µm and natural river sand with d = 390µm were used. The settling velocity
was found to be increased by 39÷ 65% and 3÷ 6% for the finer and the coarser particles, respectively.
Tooby et al. (1977) conducted laboratory experiments to investigate the settling trajectories of spherical
particles in a rotating fluid. For this purpose, a horizontal cylinder filled with a viscous fluid rotating
about its horizontal axis was used. The investigated particle diameter ranged from d = 1.6÷6mm . It
was found that the particles could be trapped and thus hindered from settling for a long time by imposing
the angular velocity of the generated vortex. Nielsen (1993) conducted experiments similar to those of
Murray (1970) using a settling tank with oscillating grid plates and quasi-spherical particles with d = 2
and 6.1mm . Both increase and reduction of particle settling velocity was identified. Correlation with
the relative turbulence intensity (defined as ratio of grid velocity amplitude and theoretical still water
settling velocity) was found. While the investigated particles slowed down by about 11÷27% in weaker
turbulence, the settling velocity was found to be increased by about 20÷ 36% in stronger turbulence.
Stout et al. (1995) systematically investigated settling of heavy particles in turbulent conditions on a
general basis. By means of theoretical considerations as well as numerical simulation, they found a
significant settling velocity reduction due to non-linear drag. Moreover, isotropic turbulence was found
to affect the settling stronger in comparison to exclusively horizontal and vertical turbulent pulsations of
the surrounding fluid.

Cuthbertson and Ervine (2007) carried out an experimental study on particle settling in turbulent flows
using a laboratory flume. Sediment concentrations of Cs,g = 0.11÷0.59g/l and different sand/sand-silt
mixtures (d = 125÷ 625µm, d50 = 250µm and d = 38÷ 212µm, d50 = 97µm) were investigated. It
was found that both large-scale and small-scale turbulence can increase particle settling velocity by
means of downwards directed fluid motions and predominantly downward fluid velocity fluctuations,
respectively. By implication, predominantly upward velocity fluctuations (small-scale turbulence) can
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reduce the settling velocity. A distinction based on the particle Stokes number St (see Section 2.5.2.5)
was made: the enhancement of settling velocity is expected to occur at St ≈ 1 (finer particles, interaction
with small-scale turbulence), whereas it is decreased for St � 1 (larger particles, settling controlled by
gravity). This finding is confirmed by the investigation of Yang and Shy (2003).

Kawanisi and Shiozaki (2008) performed laboratory investigations to examine the mean settling velocity
of different types of particles in running water. The measurements were conducted in a flume, using
an acoustic Doppler velocimeter to ascertain the settling velocity. Among others non-spherical quartz
particles with d = 210µm were used. Confirming earlier findings, a settling velocity reduction of up to
40% in relatively weak turbulence was identified. Moreover, strong turbulence was found to increase the
settling velocity by a factor of up to 6 under certain conditions (i.e. particle and turbulence characteris-
tics). Jacobs et al. (2016) conducted experiments with artificial sands (ρs = 14.5kg/m3 , d50 = 291, 831
and 990µm) in an artificial turbulence field generated by an oscillating grid in a tank. For the investi-
gated turbulence level and particle characteristics, it was found that for particles with d > 500µm (cor-
responding to St = 10−2÷ 10−1) the settling is virtually unaffected. Particles with 150 < d ≤ 500µm
(St = 10−3÷10−2) were found to follow larger flow scales, whilst particles with d ≤ 150µm (St < 10−3)
follow small-scale flow structures. It is stated that particles smaller than a certain size ‘align themselves
with flow scales in proportion to their size’.

With respect to the above presented selection of investigations, it can be concluded that there exists
no universal correlation between turbulence and its influence on the particle settling velocity. It is rather
shown that the effective settling velocity ws is a complex function of turbulence intensity, turbulent length
scale, Stokes number, particle size and also particle Reynolds number.

2.5.2.4 Effect of particle concentration

For increased SSCs, the particle settling process can be affected by particle-to-particle collision and
wake induced by other settling particles, thereby reducing the bulk particle still water settling velocity
ws,SSC,0 (cf. Richardson and Zaki, 1954, Oliver, 1961). For dilute monodisperse, bidisperse, and tridisperse
suspensions, the reduced settling velocities of the interfaces show agreement within experimental uncer-
tainty with the theory of Batchelor (1972). In general, settling velocity decreases linearly with increasing
SSC (Davis and Birdsell, 1988).

The most popular approach to that effect was introduced by Richardson and Zaki (1954). For an infinite
extension of the settling volume the semi-empirical Eq. (2.32) applicable for identical spherical particles
in still water conditions was derived. The exponent n depends on the sediment particle Reynolds number
Rs and decreases from n = 4.35R−0.03

s (Rs ≤ 1) to n = 2.39 = const. (Rs > 500).

ws,SSC,0 = ws,0

(
1−Cs,v

)n
[m/s] (2.32)

where Cs,v = volumetric suspended sediment concentrations [−]; n = exponent of reduction of settling
velocity [−]. The conversion of volumetric concentration the gravimetric concentration reads as Cs,v =

Cs,g/ρs. Oliver (1961) suggested an adjustment of Eq. (2.32) based on experimental investigations. He
developed Eq. (2.33), stating applicability for spherical particles in volume concentrations up to about
0.4.

ws,SSC,0 = ws,0

(
1−2.15Cs,v

) (
1−0.75C1/3

s,v

)
[m/s] (2.33)
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Batchelor (1972) developed Eq. (2.34) which predicts that the settling velocity of spherical particles
decreases linearly with increasing SSC. For dilute monodisperse, bidisperse, and tridisperse suspensions,
Davis and Birdsell (1988) confirmed that the hindered settling velocities of the interfaces show agreement
within experimental uncertainty with this approach.

ws,SSC,0 = ws,0 (1−6.55Cs,v) [m/s] (2.34)

Table 2.2 offers a comparison of the afore-mentioned approaches for the estimation of the still water
settling velocity reduction due to different sediment concentrations. Significant differences between the
compared approaches can be identified.

Table 2.2: Comparison of selected approaches to estimate the reduction of the still water settling velocity ws,0 due
to suspended sediment concentrations Cs,g = 0.1, 1, 10 and 100 g/l, respectively, for d = 200 µm, ρs = 2650 kg/m3,
Tw = 10 °C, and ν = 1.31 × 10-6 m2/s

Reduction of ws,0 [%]

Approach Cs,g = 0.1 g/l Cs,g = 1 g/l Cs,g = 10 g/l Cs,g =100 g/l

Richardson and Zaki (1954), Eq. (2.32)∗ ≈ 0 0.1 1.5 14.1

Oliver (1961), Eq. (2.33) 2.5 5.5 12.4 31.2

Batchelor (1972), Eq. (2.34) ≈ 0 0.2 2.5 24.7
∗ ws,0 for calculation of Rs calculated after Soulsby (1997)

Baldock et al. (2004) identified a lack of knowledge with respect to hindered settling of non-spherical
particles, such as occurring under natural conditions. Laboratory experiments with natural sands were
conducted. Significant deviation from Richardson and Zaki (1954) for the exponent n was found for fine
and medium sands. An increased reduction of sand particle settling velocity in comparison to spherical
particles at higher concentrations was identified. The lowest investigated SSCs amount to several hundred
grams per liter and hence are significantly higher than concentrations typically expected at the present
field of desanding facility research (cf. Ortmanns, 2006, Boes, 2010, Felix et al., 2013b, Abgottspon
et al., 2016).

Pal and Ghoshal (2013) introduced a concept of apparent particle diameter which considers a fictitious
volume for random particle movements and collisions. They suggested a model to derive the exponent
of reduction of settling velocity n. Checking their own model with results obtained in settling experi-
ments of Baldock et al. (2004) showed good agreement of observed and calculated settling velocities.
For natural sand particles in the range from about d = 0.2 to 1.8mm they found the exponent n to de-
crease continuously from 4.35 to 2.96 following their developed concept. This differs distinctly from the
according values obtained with the approach of Richardson and Zaki (1954) (n = 3.69 and 2.43 for parti-
cles d = 0.2 and 1.8mm, respectively) premising spherical particles, implying reduced settling velocities
of natural sand particles.

2.5.2.5 Significance of Stokes number

The Stokes number St allows to describe the behavior of particles suspended in water. It is defined as the
ratio of a characteristic response time of a sediment particle τr to a characteristic flow field time scale τt:

St=
τr

τt

[–] (2.35)
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For St < 1, particles adapt to changes in the direction of flow and follow these. On the other hand, for
St> 1, particles are mainly controlled by inertia, meaning their trajectory deviates from the flow. Simply
spoken, flow changes faster than the particles can react on. The more distinct the deviation from St= 1 is,
the stronger the corresponding effect on the water-sediment interaction is. For example, whilst particles
might still be partly affected by the flow field for St slightly above unity, they are entirely unaffected by
the flow for St� 1.

2.5.3 Resuspension

Resuspension describes the process of transferring a particle from the bed into the flow (suspension),
caused by hydrodynamic forces. Different than in saltation mode, the particle remains within the flow
for a longer period of time, meaning a transport distance significant larger than several particle diameters
(van Rijn, 1984b). Cheng and Chiew (1999) conducted a theoretical derivation to obtain a probability
function for the initiation of suspension of particles from the top bed load layer. It is based on a review
of various existing approaches of other researchers. They state that only particles on or near the bed
can be a source for suspended load. A similar theoretical investigation was conducted by Bose and
Dey (2013) who examined the probability for the threshold condition of sediment to be in suspension.
According to both, Cheng and Chiew (1999) and Bose and Dey (2013), the vertical velocity fluctuation
is decisive, leading to the following threshold condition of suspension, which originally traces back to
Bagnold (1966):

v
′
z > ws,0 [m/s] (2.36)

where v′z = turbulent fluctuation of the vertical flow velocity component [m/s]. This means that resuspen-
sion occurs when the vertical flow velocity fluctuation exceeds the particle settling velocity. According
to Cheng and Chiew (1999) the root-mean-square (rms) value v′z,rms (cf. Section 3.6.1) is in the same order
of magnitude as v′z. Consequently, application of v′z = v′z,rms in Eq. (2.36) is possible. Investigations on the
boundary layer flow addressing turbulence phenomena (e.g. Hinze, 1975, Kironoto and Graf, 1994, and
Dey and Raikar, 2007) furthermore state that v′z,rms is in the same order of magnitude as u∗, resulting in
the following threshold condition for incipient suspension of particles:

u∗ > ws,0 [m/s] (2.37)

For hydraulically rough conditions (surface roughness controls friction), Bose and Dey (2013) proposed
the probability function Eq. (2.38) by applying the aforementioned statement (v′z = u∗):

Pssp =
1
16

(
16−

ws,0

u∗
−
(

ws,0

u∗

)2
)

e
(
−

ws,0
u∗

)
[–] (2.38)

where Pssp = total probability of particle to remain suspended [−]. Thorough investigations regard-
ing the correlation between vertical velocity fluctuation and shear velocity for hydraulically transitional
and smooth conditions were conducted by for example Grass (1971). Bose and Dey (2013) rearranged
Eq. (2.38) respective the critical Shields parameter Θcr as a function of the threshold shear Reynolds
number R∗ = d u∗/ν . As an example, for a probability of 5% (Pssp = 0.05), meaning sediment suspension
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initiates when 5% of the particles are brought into suspension from a given bed layer area, the according
diagram is shown in Figure 2.18. It can be used to predict the conditions for sediment suspension.

Θ
cr

  [
 –

 ]

R*cr  [ – ]
10-2

Pssp  = 0.05

Threshold of suspension

Region of suspended load transport

10-1 100 101 102 103 104
10-2

10-1

100

Figure 2.18: Diagram for the prediction of threshold of suspended load from bed load in terms of critical Shields
parameter Θcr as a function of threshold shear Reynolds number R∗cr(modified from Bose and Dey, 2013)

Based on laboratory investigations, Zanke (1982) developed the following simpler relation for determin-
ing the shear velocity for incipient resuspension of non-cohesive particles in the sand size range:

u∗cr = 0.4ws,0 [m/s] (2.39)

where u∗cr = shear velocity for incipient sediment particle resuspension [m/s]. With regard to the equation
structure, Zanke (1982) confirms the theoretical findings of Engelund (1965), who found a factor of 0.25
instead of 0.4. van Rijn (1984b) states a factor of 0.4 for particles with d∗ > 10 and factor 4/d∗ for
particles 1 < d∗ ≤ 10. Exemplarily inserting Eq. (2.39) into Eq. (2.38) gives a suspension probability of
Pssp = 0.04. This shows that there do not exist clear threshold conditions for resuspension of sediment
particles, but rather a range has to be considered. Thus, application of the above approaches has to be
assessed with regard to the investigation problem at hand.

2.5.4 Suspended load

To estimate the dominant present sediment transport process (bed load, suspended load or a combination
of both processes) and thus to assess the relevance of suspended load in a given situation, the Rouse num-
ber P can be used. Applying the common assumption that the ratio of eddy viscosity to eddy diffusivity
is about unity, the Rouse number is defined as:

P=
ws,0

κ u∗
[–] (2.40)

where κ = von Kármán constant [–]; u∗ = bed shear velocity [m/s]. According to Hearn (2008), the
dominant transport process is exclusively bed load transport for P ≥ 2.5, mainly bed load transport
for 2.5 > P≥ 1.2, mainly suspended load transport for 1.2 > P≥ 0.8 and exclusively suspended load
transport for P< 0.8, respectively.
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Due to gravity, larger particles are commonly transported in the lower parts of the water column, whereas
in the upper water column smaller particles appear. This PSD characteristic also implies an increase of
suspended sediment concentration Cs (SSC) with flow depth. For 2D (no side wall influence) uniform
open channel flow, the SSC distribution can be described by the Rouse profiles which are illustrated for
selected Rouse numbers (cf. Eq. 2.40) in Figure 2.19. Various approaches to determine the reference
concentration Cs,re f and the corresponding reference elevation zre f exist (e.g. Smith and McLean, 1977,
van Rijn, 1984a, Zyserman and Fredsøe, 1994). zre f is typically in the order of a few percents of the flow
depth h.
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Figure 2.19: Rouse concentration profiles for a selection of Rouse numbers P (modified from ASCE, 2006)

The concentration profiles in Figure 2.19 and the depth-averaged suspended sediment concentration Cs,m

in the water column are calculated by means of Eqs. 2.41 and 2.42, respectively:

Cs(z) =Cs,re f

[
(h− z) zre f(
h− zre f

)
z

]P

[–] (2.41)

Cs,m =
1
h

h∫
zre f

Cs(z)dz [g/l] (2.42)

where Cs(z) = sediment concentration at z [–] [g/l]; Cs,re f (z) = reference sediment concentration at zre f

[–] [g/l]; h = flow depth [m]; z = vertical distance from bed [m]; zre f = reference vertical distance from
bed [m].

2.5.5 Bed load on fixed bed

Essential findings concerning the initiation of bed load transport were gained by Shields (1936). He
investigated the incipient motion of non-cohesive quasi-uniform particles in a laboratory flume. The



33

achieved Shields diagram can be used to determine whether a sediment particle is transported with the
flow or at rest, depending on the present bed shear stress τb and shear Reynolds number R∗. It is stated
that particle motion at the bed initiates once the corresponding critical bed shear stress τb,cr is exceeded.
The underlying mathematical formulation is:

Θcr =
τb,cr

gd (ρs−ρw)
[–] (2.43)

with

τb,cr = ρw grhy S [N/m2] (2.44)

where Θcr = critical Shields parameter [−]; rhy = hydraulic radius [m]; S = energy line slope [−]. Nu-
merous investigations exist to determine the critical Shields parameter Θcr for different bed types (e.g.
mobile alluvial, fixed alluvial, plane and smooth). Comprehensive summaries of these investigations can
be found in for example Yalin and Karahan (1979) or Buffington and Montgomery (1997).

For inlet channels at desanding facilities smooth and fixed bed conditions apply, since they are commonly
made of concrete. Since particles are completely exposed to the flow in this situation, incipient motion
is likely to occur earlier compared to alluvial bed conditions, accounted for by reducing the critical
Shields parameter for smooth and fixed bed conditions. This can be shown comparing the findings of for
example Meyer-Peter and Müller (1948), who determined Θcr = 0.047 for mobile alluvial beds and for
example Hu and Hui (1996) or Chatanantavet et al. (2013), who found Θcr = 0.007 for smooth beds. The
smooth bed condition in Hu and Hui (1996) and Chatanantavet et al. (2013) showed an equivalent sand-
grain roughness coefficient of k = 10−5 mm. According to for example Bollrich (2013), the equivalent
sand roughness coefficient of concrete ranges from about k = 0.1mm (mint condition, steel formwork,
perfectly processed) to k = 10mm (used, weathered, poor formwork). Therefore, Θcr should be above
0.007. For supercritical flow conditions with Froude numbers F = 1.25÷ 6.0 Auel et al. (2017) found
Θcr = 0.005 in flume experiments with natural sand particles and glass spheres. Novak and Nalluri (1975)
proposed the following equation to estimate the critical Shields parameter for channels with smooth and
fixed beds:

Θcr = 0.065 (R∗)
−0.52 [–] (2.45)

Within the design stage of desanding facilities, it should be ensured that no closed, compact sediment
layer develops on the inlet channel bed. This can be achieved by choosing the geometrical and hydraulic
conditions such that the resulting Shields parameter Θ at least equals or is above the threshold Θcr for
incipient motion.

2.6 Desanding facilities: field investigations and 3D numerical modeling

Olsen (1994) presented his software named SSIIM (Sediment Simulation In Intakes with Multiblock op-
tion). The model purpose is to simulate flow and sediment transport in three-dimensional (3D) compu-
tational domains, putting an emphasis on river courses, reservoirs and basins.

Based on SSIIM, Olsen and Skoglund (1994) developed a 3D model of water and sediment flow in a
desanding facility and verified the model results with a physical model study. It was concluded that the



34

accuracy of the numerical 3D model is high enough to be used as a tool in the design even though the
turbulence model did not allow to simulate all flow features such as the recirculation zone.

Olsen and Kjellesvig (1999) extended the model to consider a movable bottom boundary and simulated
bed changes in a desanding facility. The resulting bed profiles compare well with physical model tests.
Results were shown to be very sensitive to roughness of the fixed boundaries.

Ortmanns (2006) conducted 3D flow velocity measurements at three Swiss desanding facilities. Ad-
ditionally, water samples to determine SSC, PSD and mineralogical composition were taken on a small
scale. Comparative analyses regarding trapping efficiency following the classical approach (Camp, 1936)
and his own approach, respectively, were conducted.

In the scope of his diploma thesis Frischhut (2008) conducted a composite investigation on the optimal
design of desanding facility basins. The investigation comprises field measurements at an Austrian pro-
totype and numerical 3D simulations with FLOW-3D. His study demonstrates the challenges in suchlike
investigations, especially regarding the measurement data acquisition and the calibration and validation
process. Some indications regarding approach flow conditions, basin geometry and incorporation of
installations influencing the flow were elaborated.

VAW (2010) performed a measurement campaign at the Swiss desanding facility Schweiben. The basin
flow field was recorded by means of a dense 3D flow velocity measurement grid. In the stilling basin just
upstream the settling basin, in the settling basin and at the outlet water samples were taken to determine
SSC and PSD. Within the scope of the measurement campaign several structural modifications were
investigated such as incorporation of a slotted in the transition zone or removal of a partition wall in the
inlet channel.

Daneshvari et al. (2012) conducted numerical simulations of a desanding facility operated at a Swiss
HPP by focusing on the velocity fields. The software packages ANSYS CFX and FLOW-3D were used.
A new type of flushing system was proposed, although sediment transport was not considered in the
simulations. Moreover, the authors conducted only sparse physical investigations to check the accuracy
of the simulation results, concluding that field data are required to validate the numerical models.

Bråtveit et al. (2013) conducted a composite investigation comprising field measurements and numer-
ical 3D simulations. Three submerged and rigidly mounted acoustic Doppler current profiler (ADCP)
were used to record the velocity field at a pressurized tunnel type desanding facility in Norway. The
facility was modeled using the software STAR-CCM+. Reasonable agreement of measurement data and
simulation results were obtained.

De Cesare et al. (2014) revisited the investigations of Daneshvari et al. (2012), proposing basically the
same flushing system which was now given the name Psamathe. Modeling the same desanding facility
as Daneshvari et al. (2012), the software packages ANSYS CFX and FLOW-3D were used. Reading the
publication of De Cesare et al. (2014), it is not clear to the author if the proposed flushing system was
tested at the prototype to cross check simulation results.

Nøvik et al. (2014) conducted an investigation comprising laboratory experiments and numerical 3D
simulations. The physical model of a Nepalese desanding facility was modeled using the software
STAR-CCM+. Sediments were neither considered in the physical model, nor in the simulation. Acoustic
Doppler velocimeter measurements were conducted in the model settling basins, recording 3D velocities
and their temporal fluctuations. Satisfying agreement of measurement data and simulation results was
found in the downstream part of the basin, whereas significant deviations were identified in the upstream
part. The measured decrease of the turbulence level could be qualitatively reproduced by the numeri-
cal model. Nøvik et al. (2014) recommend SSC measurements in combination with 3D flow velocity
measurements to increase the significance of suchlike investigations.
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Most of the above investigations focus on partial aspects of the desanding facility design and operation,
but do not consider the overall facility as integral system. A design guideline taking approach flow
conditions, transition zone geometry, basin and also the outlet weir into account is yet missing. The
present research work aims at filling this gap to achieve the desired trapping efficiency in the light of
reliable desanding facility operation and thus reduction or prevention of hydro-abrasion.
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3 Measurement campaign and data processing

3.1 Introduction

The measurement campaign followed two main objectives. First, a functional check of selected proto-
type desanding facility prototypes was performed. This should allow for the assessment of the facility
flow field and sediment transport processes and should further reveal shortcomings in functionality and
performance. Secondly, comprehensive measurements of flow field and suspended sediment transport
should be acquired to provide data for calibration and validation of the numerical model (Section 5.5).
Therefore, 3D flow velocities, sedimentological parameters and water properties were recorded. The lat-
ter comprise turbidity, density and temperature of the water-sediment mixture. Furthermore, numerous
water samples were withdrawn to determine SSC, PSD and the mineralogical composition of the present
sediment particles by means of lab analyses. The measurements focused on the basin reach, but also
comprised a measurement cross section in the inlet channel and at the facility outlet. The inlet channel
measurement data should moreover be used as upstream velocity and sediment boundary condition in
the numerical model. The present description of the employed measurement instrumentation and setup
is published in Paschmann et al. (2017b). The evaluation and results of the measurement campaign,
which are primarily addressed in Chapter 4, are summarized in Paschmann et al. (2017a).

Based on hydrological considerations and available longtime discharge measurements at the facilities,
June until August was chosen as time frame for the measurement campaign, due to the expected high
discharges. That arose from the intention to investigate the facilities at design discharge conditions,
requiring sufficient flow in the impounded waters. Another criterion was the presence of suspended
sediments during the measurement campaign, which is most likely at high discharge in natural waters.
Since it turned out that sediment measurements are not common at Swiss desanding facilities, the pres-
ence of suspended sediments was estimated according to the qualitative evidence of the operators (visual
turbidity of the water, number of flushings needed).

However, due to too low SSC and its too small variance during the measurements at Moerel facility, no
useful correlations of turbidity and SSC were found for this prototype. Consequently, for Moerel facility
no information on sediment transport is available, but the data set only comprises flow measurement
records. Therefore, the desanding facility Moerel is not further considered with regard to sediment
transport as well as calibration and validation of the numerical model. The flow field evaluation in
analogy to Saas Balen and Wysswasser facilities can be found in Appendix A.2.

3.2 Measurement instrumentation and parameters

3.2.1 Acoustic Doppler velocimeters

Four acoustic Doppler velocimeters (ADV) Vectrino Lab of Nortek AS (Figure 3.1 (a)) were employed to
measure 3D flow velocities. The implemented firmware allows for sampling frequencies up to 200Hz.
The nominal measurement accuracy is ±0.001m/s ±0.5% of the measured velocity components. For
practical reasons, side-looking probes with flexible cable stem were used.
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(a) (b)

Figure 3.1: ADV Nortek Vectrino Lab (source: Nortek AS): (a) ADV probe (down-looking version) (b) measurement
volume detail (side-looking version)

The measuring principle is based on the Doppler effect, i.e. a change of frequency with respect to a
stationary observer if the wave source is moving (or vice versa), presuming a constant emitting frequency.
Based on wave theory, sound from a moving source becomes higher (frequency increases) if the sound
source approaches an observer, or becomes deeper (frequency decreases) when diverging from it. The
(stationary) ADV probes emit a signal of known frequency which is partly reflected by particles passively
transported in the flowing water. The flow velocity is then computed based on the recorded frequency
shift between emitted and received signal. It is therefore assumed that particles and water have the same
velocities (no slip assumption). To obtain spatial velocity information, the instrument has one beam
for each velocity component and an additional fourth beam (not used with side-looking design) for an
independent measurement of the vertical flow velocity component. The size of the sampling volume
and its distance to the probe head are shown in Figure 3.1 (b). The signals are internally processed and
combined by taking the probe orientation into account (Nortek AS, 2013).

ADV measurements are reported to be very suitable for velocity measurements in free-surface flows
(Chanson, 2008), showing the same level of accuracy regarding determination of mean flow velocities
as laser Doppler velocimetry, ascertained based on laboratory investigations (Voulgaris and Trowbridge,
1998). Lohrmann et al. (1994) express the possibility to measure turbulence and capture the major
fraction of the turbulent kinetic energy (TKE) due to the high temporal resolution of ADV measurements.
This was approved by investigations of García et al. (2005).

The employed ADV probe model was on the one hand selected based on laboratory experiences, in-house
expertise and availability. On the other hand, laboratory investigations of Rusello et al. (2006) comparing
three different ADV systems showed that the Nortek Vectrino performs very reliably under various flow
and ambient conditions. Noise level, response to device tilting as well as disturbance onto the flow field
was reported to be low, whereas signal-to-noise ratio (SNR) as a measure of quality is consistently the
highest for the investigated cases.

The capability of performing measurements in turbid water due to the lower deterioration of acoustic
compared to optical transmission (Voulgaris and Trowbridge, 1998) is advantageous for the application
of ADVs in desanding facilities. Ortmanns (2006) presents the general capability to conduct high-quality
velocity measurements at desanding facilities affiliated to hydropower schemes by means of a measure-
ment campaign.

3.2.2 Coriolis flow- and density meter

A Promass 83F Coriolis flow- and density meter (CFDM) of Endress+Hauser (Figure 3.2) was used to
measure density and temperature of the water-sediment-mixture prevailing in the basins. The nominal
measurement accuracy is ±0.5g/l for density, and ±0.5 ◦C ±0.5% of the measured temperature of the
water-sediment-mixture.



39

Figure 3.2: Coriolis flow- and density meter Promass 83F (source: Endress+Hauser )

The device takes advantage of the Coriolis effect. Therefore, two parallel pipes flown through by the
medium of interest are brought into oscillation causing a phase shift. Its magnitude is depending on the
mass flow and hence on the density of the medium (Endress+Hauser, 2014). The excitation frequency
is readjusted instantaneously according to density, and thus a direct correlation exists. To take effects
of temperature onto the measurements into account, temperature is also recorded for processing and
provided as output.

CFDM devices (also denoted as vibrating tube technique) allow for estimating SSC based on measured
density (e.g. Bishwakarma and Støle, 2008, Abgottspon et al., 2016, Felix et al. 2016a, 2016b). By
means of laboratory and/or field investigations, these authors obtained good correlation between SSC
calculated from CFDM density measurements and SSC determined based on laboratory analysis of water
samples. Basic requirements are (a) the exclusive use of CFDM data above the uncertainty range of the
device and (b) the temperature correction to account for the temperature-dependency of the clear water
density.

3.2.3 Turbidity sensors

Three turbidity sensors CUS52D of Endress+Hauser (Figure 3.3) were used for direct water turbid-
ity measurements. The nominal measurement accuracy is 2% ± 0.01 FNU (Formazine Nephelometric
Units). One of the employed devices is designed for the use in a special armature for measurements
inside a pipe. The measuring principle of these optical sensors is based on 90◦ light scattering, which
is more sensitive covering a wide variety of particles compared to other measuring principles (Merten
et al., 2013).

Figure 3.3: Turbidity sensor CUS52D (source: Endress+Hauser )

In an overview summarizing numerous techniques regarding SSC measurements, Wren et al. (2000)
mention the approximately linear correlation between optical backscatter and SSC at constant conditions,
and the high temporal measurement resolution as advantages of such sensors. In contrast, the dependency
on particle color, shape and especially size (Merten et al., 2013) is disadvantageous in respect of finding
a consistent correlation between turbidity and SSC in natural waters.
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Based on a field study, Felix et al. (2012) demonstrate the influence of particle shape on optical tur-
bidity measurements. Although showing almost the same mass-related median diameter at the testing
conditions, flaky mica particles induce around four times higher turbidity readings than glass spheres.

Following Conner and DeVisser (1992), optical turbidity sensor readings are greatly affected by particle
size changes occurring in environments with particle sizes below 100µm, but minimally affected in a
particle size range of 200÷ 400µm. This is confirmed by laboratory investigations of Merten et al.
(2013). For synthesized water-sediment suspensions with identical SSC, composed of different sands
(d50 =107÷430µm), silt and clay (d50 = 40µm), the response of the examined optical turbidity sensors
increased considerably with increasing proportion of silt and clay in the suspension. In order to safeguard
turbidity measurements, particle size analyses should be conducted in addition (Conner and DeVisser,
1992).

3.2.4 Radar sensor

To measure the water surface elevation, a radar sensor Vegapuls 61 of Vega (Figure 3.4) was applied. The
measurement accuracy is±2 mm. The radar measurement principle in general is found to be very appro-
priate for this purpose, since the effect of air movement and temperature change during measurements is
negligible and the accuracy is very high (Fulford et al., 2007).

Figure 3.4: Radar sensor Vegapuls 61 (source: Vega)

3.2.5 Automatic bottle sampler

To automatically take water samples, the 3700 Full-Size Portable Sampler of Teledyne Isco (Figure 3.5)
was employed. It allows programmable uniformly or non-uniformly time paced sampling into 24 polypropy-
lene bottles with a volume of 1.0 l each.

Figure 3.5: Automatic bottle sampler 3700 Full-Size Portable Sampler (source: Teledyne Isco)

3.2.6 Sediment gripper

A custom-built sediment gripper of REMBE®Kersting GmbH (Figure 3.6) was used to take samples of
deposited sediments at various basin positions. The gripper consist of two open hemispheres and a
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ballast weight. A steely string and a winch allow for lowering and pulling up the sediment gripper. Once
hitting the ground, a mechanical mechanism closes the hemispheres, trapping maximally ca. 150ml of
sediments.

Figure 3.6: Custom-built sediment gripper

3.3 Investigated prototype facilities

3.3.1 Introduction

For the choice of desanding facility prototypes, several technical criteria were applied. To allow for the
installation of the modular bearing system, sufficient workspace around the facility must be ensured.
Furthermore, only facilities with basins at free-surface flow came into question. The discharge measure-
ments should be provided by the respective operators, since the facilities are typically equipped with
appropriate systems.

Based on these criteria, three appropriate facilities were selected. They are all situated in the Swiss
canton Valais (cf. Figure 3.7). In each case, the water is diverted at a side weir intake and is transported
towards the settling basins via an inlet channel. The horizontal line of the inlet channels differentiate
significantly between the facilities. A transition zone is located between inlet channel and basin, in each
case equipped with different types of tranquilizing racks. At each facility the orographic left basin string
was investigated.

The desanding facilities were investigated between June 29 and August 7, 2015. As intended, all facil-
ities were operated at design discharge conditions with very low fluctuations during the measurements.
The basin flushing was halted during the measurements to prevent disturbances on the flow field. The
geometric data is adopted from construction plans and supplemented by punctual on-site surveys.

Wysswasser

Saas Balen
Moerel

Facility River Operator

Moerel Rhône Swiss Federal Railways (SFR)

Saas Balen Saaser Vispa EnAlpin

Wysswasser Wysswasser Gommerkraftwerke AG (gkw)

Figure 3.7: Location of the investigated facilities (modified and reproduced by permission of swisstopo, JA100120)
and conspectus of utilized river, operator and affiliated HPP

3.3.2 Moerel

The desanding facility Moerel is part of the HPP Massaboden and was taken into operation in 1899. It
is operated by Swiss Federal Railways (SFR). The facility is located on the orographic right side of the
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river Rhône (Figure 3.8) in the locality Bitsch, situated at about 736 m a.s.l. The catchment area amounts
to 575km2 whereof 14% are glaciated.

The water is diverted at a side intake with a coarse trash rack at the orographic right side of the river.
The subsequent inlet channel has a developed length of ca. 12 m and exhibits a slight left-hand bend
upstream of the basin. A longitudinal section of inlet channel and transition zone is shown in Figure 3.9.
Basin characteristics as well as hydraulic parameters are summarized in Table 3.1. It is equipped with
a Dufour type flushing system and four rows of tranquilizing racks with V-shaped bars (tips pointing
downstream) as well as one fine rack with rectangular bars in the transition zone. At the end of the basin,
the water is transported towards the powerhouse through a channel with bed slope of about 3.5% and a
maximal flow area of about 11 m2. Excess water is given back to the river by a spillway upstream of the
aforementioned channel.

Transition zone

Basin

Rhône

Inlet channel

Spillway

Fl
ow

Fl
ow

Flow

(b)(a)

Figure 3.8: Desanding facility Moerel (SFR): (a) aerial picture (reproduced by permission of swisstopo, JA100120)
(b) view against flow direction and sketch of cross sectional geometry
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Figure 3.9: Desanding facility Moerel (SFR), longitudinal section of last part of inlet channel and transition zone

Table 3.1: Basin geometry and hydraulic conditions at the desanding facility Moerel

Length Depth∗ Width Bed slope Discharge∗∗ Flow area Flow velocity

L [m] hm [m] W [m] Sb [–] Qm [m3/s] Am [m2] vm [m/s]

43.00 4.11 8.35 0.0 11.25 24.77 0.45
∗measured value ∗∗ provided by operator
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3.3.3 Saas Balen

The desanding facility Saas Balen is part of the HPP Ackersand I and was taken into operation in 1909.
It is operated by EnAlpin AG. The facility is located on the orographic right side of the river Saaser Vispa
(Figure 3.10) in the locality Niedergut, situated at about 1455 m a.s.l. The catchment area amounts to
205km2 whereof 28% are glaciated.

The water is diverted at a side intake with a coarse trash rack at the orographic right river side. The
covered, elongated inlet channel exhibits a diversion and a slight left-hand bend located a few meters
upstream of two different-sized basins. It has a developed length of ca. 68 m, measured from the
intake to the begin of the transition zone of the investigated basin. A longitudinal section of the inlet
channel and transition zone is shown in Figure 3.11. Characteristics as well as hydraulic parameters of
the investigated basin are summarized in Table 3.2. It is equipped with a Bieri type flushing system and
three rows of tranquilizing racks with V-shaped bars (tips pointing downstream) in the transition zone.
A vertical weir impounds the flow at the end of the basin.

Transition zoneBasin

Saaser Vispa

Inlet channel

Flow

Flow Flow

(b)(a)

Figure 3.10: Desanding facility Saas Balen (EnAlpin): (a) aerial picture (b) view against flow direction and sketch
of cross sectional geometry

4.3

1453.87
Trqlz.
racks

z = 0

x = 0

2.2

Flow

 Sb= 0.6%

1451.00

 Sb= 33.8%

1.0 1.0
 Sb: Bed slope

1455.41
1455.32

[m a.s.l.], [m]

Figure 3.11: Desanding facility Saas Balen (EnAlpin), longitudinal section of last part of inlet channel and transition
zone

Table 3.2: Basin geometry and hydraulic conditions at the desanding facility Saas Balen

Length Depth∗ Width Bed slope Discharge∗∗ Flow area Flow velocity

L [m] hm [m] W [m] Sb [–] Qm [m3/s] Am [m2] vm [m/s]

35.00 3.28 5.80 0.0 2.24 19.01 0.12
∗measured value ∗∗ provided by operator (uncertainty ±10%)
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3.3.4 Wysswasser

The desanding facility Wysswasser is part of the HPP Wysswasser and was taken into operation 2012.
It is operated by Gommerkraftwerke AG (gkw). The facility is located on the orographic left side of the
river Wysswasser (Figure 3.12) in the locality Fiesch, situated at about 1037 m a.s.l. The catchment area
amounts to 85km2 whereof 46% are glaciated. The river is fed by the Fiescher Glacier whose snout was
located about 8 km upstream of the facility in 2017.

The water is diverted at a side intake equipped with a coarse trash rack, followed by the inlet channel. The
inlet channel leading to the investigated basin has a developed length of ca. 18 m and exhibits a sharp
right-hand bend. A longitudinal section of inlet channel and transition zone is shown in Figure 3.13.
Basin characteristics as well as hydraulic parameters are summarized in Table 3.3. The basin is equipped
with a HSR type flushing system and three rows of tranquilizing racks with V-shaped bars (tips pointing
downstream) in the transition zone. A vertical weir impounds the flow at the end of the basin.

Transition zoneBasin

Wysswasser

Inlet channel

Flow

Flow

Flow

(a) (b)

Figure 3.12: Desanding facility Wysswasser (gkw): (a) aerial picture (b) view against flow direction and sketch of
cross sectional geometry
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Figure 3.13: Desanding facility Wysswasser (gkw), longitudinal section of last part of inlet channel and transition
zone
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Table 3.3: Basin geometry and hydraulic conditions at the desanding facility Wysswasser

Length Depth∗ Width Bed slope Discharge∗∗ Flow area Flow velocity

L [m] hm [m] W [m] Sb [–] Qm [m3/s] Am [m2] vm[m/s]

32.00 5.08 4.00 0.01 4.86 20.32 0.24
∗measured value ∗∗provided by operator (uncertainty ±10%)

3.4 On-site measurement setup and constraints

A ready-made system of freely combinable aluminum trusses of different lengths, a trolley and a motor-
ized vertical linear unit with a maximal stroke of 3.3 m were employed. This setup was utilized as bearing
structure for the ADVs and the point of water withdrawal in the basin (Figure 3.14). It allowed moving
ADVs and point of water withdrawal in the longitudinal (x), transverse (y) and vertical (z) direction of
the basin (right-handed coordinate system), and could easily be adapted to different basin dimensions.

Motorized linear unit

Horizontal truss

Trolley

(y) (x)

(z)

Figure 3.14: On-site modular bearing system for the measurement instrumentation. Arrows indicate the directions
of movement

A horizontal truss was used for measurements in transverse basin direction. The linear unit was vertically
orientated, pointing in the direction of the basin bed. It was attached perpendicular to the truss by means
of the trolley. Both ends of the truss were equipped with small wheels and placed on the side walls
of the basin, allowing for longitudinal translation. The radar sensor was placed on the horizontal truss,
thus moving with the bearing system. Four ADVs were fixed and evenly spaced on the linear unit
(Figure 3.15). The point of water withdrawal, represented by a funnel connected to a suction hose, was
attached to the linear unit close to the lowest ADV probe.
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Suction hose

Funnel for isokinetic 
water sampling

Motorized linear unit

Acoustic Doppler
velocimeters

Figure 3.15: Detailed view of the linear unit carrying the ADVs and the point of water withdrawal. Arrow indicates
the directions of movement

The funnel facilitated quasi-isokinetic water sampling. Its cross sectional area was adjusted at each
desanding facility according to the calculative basin mean flow velocity vm = vx. At the funnel the water
was withdrawn by means of a mobile pump (Victor Pumps S 40 G31T) which was positioned next to the
basin. The pump was set to a constant discharge of about 0.4l/s , ensuring that the flow velocity was
sufficiently high to prevent sedimentation of particles in the suction hose. The suction hose directed the
water out of the basin and towards the CFDM and a turbidity sensor, both mounted on a mobile bearing
construction. The CFDM was located after the turbidity sensor, ensuring consistent measurements of
the water properties. At the end of that measuring line, water samples for later laboratory investigations
were bottled manually.

The described setup did not allow to cover the whole cross sectional basin flow area with velocity mea-
surements and water sampling. Measurements were not possible in the first few decimeters next to the
basin side walls and above the basin bed, respectively. This is particularly relevant at Wysswasser facil-
ity, where only about 80% of the flow depth could be covered with measurements due to the maximum
realizable stroke of the motorized linear unit.

In addition to the basin, two further turbidity sensors were installed in a cross section at the inlet channel
slightly upstream of the transition zone and at the outlet above the weir crest, respectively. The automatic
water sampler was alternately applied at both positions. Turbidity measurements and water withdrawal
were performed at about the same point in the centerline at mid-level between water surface and bed
(inlet channel) and between water surface and weir crest, respectively. These data served for determining
SSC and PSD in the facility approach flow and outflow and were used to calculate the facility trap-
ping efficiency. For this purpose, it was assumed that these point data are representative for the whole
inlet channel measurement cross section, meaning the assumption of entirely homogeneous mixing of
water and sediment in the approach flow. This assumption does not unreservedly hold and introduces
inaccuracy, which is discussed in more detail in Section 4.9.

Besides the permanently installed turbidity sensor, the four ADV probes and the radar sensor were used
for the measurements in the inlet channel cross section. The ADVs were fixed on a vertical beam and
manually plunged in the measurement cross section instead of using the motorized linear unit. With
regard to covered cross sectional flow area, similar constraints hold for the velocity measurements in the
inlet channel cross sections. Additionally the distinct higher hydrodynamic forces as well as complicated
on-site structural conditions made measurements in the inlet channels more complicated, resulting in a
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partial fragmentary measurement grid and incomplete flow velocity data sets in the inlet channel cross
sections.

Figure 3.16 schematically illustrates the application site of the measurement instrumentation at the de-
sanding facilities. All data were simultaneously stored on a computer. Summing up, the following
parameters were measured, monitored and obtained, respectively:

� 3D flow velocities in the basins of the desanding facilities according to the measurement grids
presented in Section 3.5

� turbidity and density measurements in the points specified in Section 3.5

� water depth in each measurement cross section

� continuous turbidity measurements in the inlet channels and basin outlets

� water samples from different flow depths in the middle axis of the basins according to the mea-
surement grids presented in Section 3.5

� water samples from the inlet channels and basin outlets

Flow

Basin

Transitio
n

zone

Inlet channel

Turbidity sensor

Coriolis flow- 
and density meter

Bottle samples
(manual)

ADVs

Bearing
system

Measurement grid

Automatic bottle samplerTurbidity sensor

Radar

+

z

y
x

Figure 3.16: Schematic illustration of the employed on-site setup; star indicates additional cross sections of turbidity
measurement and water withdrawal in the inlet channel and above the weir crest at the outlet

3.5 Measurement procedure and settings

The measurements were conducted in regular grids in the basin and in special measurement cross sec-
tions in the inlet channel and/or the transition zone. The latter serve for a precise definition of the inlet
boundary condition in the numerical model (see Chapter 5) and are therefore of major importance. De-
pending on the dimensions and structural constraints at the facilities, different measurement grids were
applied. An overview of basin measurement cross section spacing and total number of measurement
points is given in Table 3.4. Figures 3.17, 3.18 and 3.19 show the basin measurement positions.
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Table 3.4: Basin measurement grids at prototype desanding facilities; 4x, 4y and 4z represent longitudinal,
transversal and vertical measurement point spacing

Facility 4x 4y 4z Cross
sections

Points per
cross section

[–] [m] [m] [m] [–] [–]

Moerel 2.30÷4.00 1.10÷1.19 0.30 11 51

Saas Balen 3.00 0.70÷0.80 0.30 12 72

Wysswasser 1.05÷3.00 0.60÷0.65 0.35 9 72

z

y

0.75 3.803.80
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y = 2.00

y = 0.81

732.27

[m a.s.l.], [m]

Figure 3.17: Measurement grid at Moerel facility (view into flow direction); open and filled circles indicate mea-
surement points of flow velocity and both velocity and turbidity, respectively; water samples were taken at positions
additionally marked with a cross; dashed line indicates area covered by the measurements
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Figure 3.18: Measurement grid at Saas Balen facility(view into flow direction); open and filled circles indicate
measurement points of flow velocity and both velocity and turbidity, respectively; water samples were taken at
positions additionally marked with a cross; dashed line indicates area covered by the measurements
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Figure 3.19: Measurement grid at Wysswasser facility(view into flow direction); open and filled circles indicate
measurement points of flow velocity and both velocity and turbidity, respectively; water samples were taken at
positions additionally marked with a cross; dashed line indicates area covered by the measurements
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The measurement duration at every measurement point was 90s in a general sense. Decisive for that
were in field pre-tests conducted with the used ADV probes. That duration deemed to be adequate to
record the mean flow velocities with a deviation of less than 5% compared to long term measurements
(> 10 min), given that a steady flow field is on hand.

An ADV sampling frequency of 100Hz was made standard practice. On the one hand, it was chosen
according to a balance of maximized temporal resolution and reasonable reduction of noise level to
not bias the measurements. On the other hand, an estimation formula of García et al. (2005) based on
the expected energy containing eddy length scale and convective flow velocity was considered. These
authors state that the following relation should apply to ensure a good representation of turbulence with
ADV measurements:

F = fR

l
vc

> 20 [Hz] (3.1)

where F = dimensionless frequency [−]; fR = ADV sampling frequency [Hz]; l = energy containing
eddy length scale [m]; vc = convection velocity [m/s]. Since providing specific values for the energy
containing eddy length scale l and the convection velocity vc was not possible, a qualitative approach
was made. Therefore, vc = vx,m was assumed. The mean longitudinal flow velocity vx,m was calculated
based on the given hydraulic parameters of the facilities. With vx,m = 0.15÷0.50m/s m/s (depending on
the facility) and the chosen ADV sampling frequency of fR = 100Hz , the turbulent length scale fulfilling
the condition formulated in Eq. (3.1) is within l = 0.03÷0.1m . As a consequence, the detection of
suchlike eddies was covered by the conducted ADV measurements.

The measurement frequencies of the further instrumentation was accordingly set to 100 Hz. Table 3.5
provides a summarizing overview.

Table 3.5: Measurement parameter, frequency and according measurement duration

Measurement instrument Measurement parameter Frequency Duration

[–] [–] [Hz] [s]

ADV probe 3D flow velocities 100 90

CFDM Density / Temperature 100 90

Radar sensor Distance 100 90

Turb. sensor (water sampling) Turbidity 100 90

Turb. sensor (inlet channel / outlet) Turbidity 100 cont.

3.6 Data processing

3.6.1 Flow velocity and turbulent kinetic energy

The presence of suspended particles is essential for the measurement of flow velocities with ADV probes.
To quantify the measurement data quality, the signal-to-noise ratio (SNR) is used, comparing the ampli-
tude of the received signal (ampsg) to the amplitude of the present noise level (ampns). For the used probes
the SNR is calculated as follows:

SNR = 20 log
(

ampsg

ampns

)
[–] (3.2)
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According to the Nortek AS Knowledge Center and Wahl (2000) SNR≥ 15 should apply to ensure good
measurement data quality. A further decisive parameter regarding data quality is the correlation (COR) of
velocity data. It expresses the similarity of consecutive signals reflected by particles in the measurement
volume, and it would be 100% if all particles maintain their relative positions and no interferences such
as air bubbles would bias the measurement (Martin et al., 2002). Decreased correlation can therefore
be evoked by large velocity gradients, a high degree of turbulence as well as low SNR values (Martin
et al., 2002). According to the Nortek AS Knowledge Center, Wahl (2000) and SonTek (2001), good
measurement data quality features COR≥ 70%.

The ADV raw data files were filtered based on the phase-space threshold method proposed by Goring and
Nikora (2002) and modified by ? as implemented in the software WinADV. Additionally, data showing
values of SNR < 15 and COR < 70 were eliminated from the data set. That led to an elimination of only
around 10% of all data points, representing a high general level of data quality. For the remaining data
points, Table 3.6 shows the mean SNR (µSNR) and mean COR (µCOR), as well as their standard deviations
(σSNR and σCOR, respectively).

Table 3.6: Measurement data quality, averaged and for basin

Facility µSNR σSNR µCOR σCOR

Moerel 17.2 2.5 96.1 1.3

Saas Balen 18.7 1.9 98.5 1.2

Wysswasser 15.9 1.4 97.1 1.4

For further evaluation, the flow velocity measurement data were averaged over the measurement duration
of 90 s. The following relation applies for the instantaneously measured velocity components, which
follows the concept of the Reynolds decomposition:

vi = vi,m + v′i [m/s] (3.3)

where vi = instantaneous value of longitudinal (i = x), transverse (i = y) and vertical (i = z) flow velocity
component, resp. [m/s]; vi,m = mean value of longitudinal (i = x), transverse (i = y) and vertical (i = z)
flow velocity component, resp. [m/s]; v′i = turbulent fluctuation of longitudinal (i = x), transverse (i = y)
and vertical (i = z) flow velocity component, resp. [m/s]. Furthermore, the root-mean-square (rms)
values – meaning the standard deviation – of the turbulent flow velocity fluctuations were derived as:

v
′
i,rms = σvi

=

√√√√ n

∑
k=1

(
vi,m− v′i

)2

n−1
[m/s] (3.4)

where n= number of samples [−]. Based on the root-mean-square values of the spatial turbulent velocity
fluctuations the turbulent kinetic energy kt (TKE) can be calculated. TKE is associated with eddies in
turbulent flow and is therefore suitable as a simplified measure of flow homogeneity within the basin.
It represents a spatially independent overall measure of the turbulence level of a flow. Following Pope
(2000), TKE can be calculated as:

kt =
1
2
[
(v
′
x,rms)

2 +(v
′
y,rms)

2 +(v
′
z,rms)

2
]

[m2/s2] (3.5)



52

3.6.2 Water and sediment samples

3.6.2.1 Laboratory determination of SSC

The water samples were stored under refrigerated conditions to prohibit growth of algae. The samples
were taken during only a few seconds within a measurement cycle, but represent the whole measurement
cycle of 90s each (cf. Section 3.5). As a measure of quality, the standard deviation of recorded turbidity
σFNU within each measurement cycle was calculated and expressed as a percentage of mean turbidity
µFNU . 89% of the taken water samples show σFNU/µFNU ≤ 0.05, whereas σFNU/µFNU > 0.15 applies for
the remaining 11% of the samples (no samples 0.05 < σFNU/µFNU ≤ 0.15). Based on the present sharp
distinction, water samples showing σFNU/µFNU > 0.05 were excluded from further evaluation. The de-
scribed procedure was not applied for samples taken in the inlet channel and at the outlet. Since turbidity
there was recorded every 30s , only one single value can be assigned to each water sample. To anyhow
safeguard a reliable evaluation of those water samples, the trend of turbidity measurements prior and
after the water withdrawal was also considered and checked for plausibility. The number of investigated
water samples at each facility is summarized in Table 3.7.

Table 3.7: Number of investigated water samples from the inlet channel, basin and outlet at the three investigated
desanding facilities

Facility Inlet channel Basin Outlet

Moerel 15 17 -

Saas Balen 16 20 6

Wysswasser 4 21 3

To determine the suspended sediment gravimetric concentration Cs,g (corresponds to SSC within the
present research project), the exact volume of each sample was measured first. Any visible organic sub-
stances such as needles, parts of leaves or stems were removed. Afterwards, the samples were transferred
into bowls and dried at 65 ◦C until the water entirely evaporated. Finally, the dried residue was weighed
with a Mettler Toledo XPE205 high-precision balance and SSC was calculated as follows:

Cs,g = SSC =
ms

V
[g/l] (3.6)

where ms = mass of dried sediment residue [g]; V = volume of water sample [l].

3.6.2.2 Mineralogical composition and solid density

The dried residues of several bottle samples were used to determine mineralogical composition and solid
density ρs of particle material from Saas Balen and Wysswasser facilities. These analyses were conducted
by the Institute of Geotechnical Engineering of ETH Zurich based on X-ray diffraction and measurements
with a helium pycnometer, respectively. Table 3.8 shows core findings of the laboratory analyses. The
mass percentage m% of minerals having Mohs hardness > 4 (epidote, hornblende, feldspar and quartz)
is summed up. Those minerals are harder than the commonly used turbine material G-X5 CrNi 13/4 (cf.
Section 2.4.3). Furthermore, the mass percentage m% of minerals having either flaky or elongated shape
following the findings of Felix et al. (2013a) is summed up.
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Table 3.8: Solid density and mass percentage of minerals having Mohs hardness > 4 and flaky/elongated shape of
sediment extracted at Saas Balen and Wysswasser facilities

Facility Solid density ρs Mohs hardness > 4 Flaky / elongated shape

[–] [kg/m3] [m%] [m%]

Saas Balen 2810 44.7 ±1.5 54.7 ±2.4

Wysswasser 2730 77.3 ±2.7 47.7 ±1.9

3.6.2.3 Suspended sediment particle size distribution

The dried residues of chosen bottle samples were investigated with a stationary laser particle size analyzer
LA-950 of Horiba Scientific to determine PSD. The volumetric output of measurements was chosen,
being the commonly used practice for the described purpose. That means for example the characteristic
median particle diameter d50 is the particle size which is exceeded by 50 volume percent of the particles in
an investigated sample. The particle diameter measurement range of the used device is 0.01÷3000µm,
according to the manufacturer.

For the analysis, the dried sediment residues were resolved in water again and treated with ultrasonics to
break up possible particle flocs which may have formed due to transport, drying and storage. However,
this means the true in-situ PSD maybe different from the determined PSD. This has to be kept in mind
with regard to measurement data interpretation. For further evaluation within this research work, the
volume fractions are presented based on the following classification: silt and clay (M&C, d < 60µm),
fine sand (fS, 60 < d ≤ 200µm), medium sand (mS, 200 < d ≤ 600µm) and coarse sand (cS, 600 < d ≤
2000µm). In the investigated basins, coarse sand (cS) was either not present at all, or was transported
below the lowest measuring point of water withdrawal and thus not captured. Figures 3.20 and 3.21 show
cross sectional PSD at Saas Balen and Wysswasser facilities as bar charts. Note that X = x/L, where x
denotes the longitudinal basin measurement coordinate and L denotes the basin length. PSD in the inlet
channel and outlet are presented as grading curves in Figures 3.22 and 3.23. σg =

√
d84/d16 denotes the

geometric standard deviation.
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Figure 3.20: Cross sectional PSD at Saas Balen facility
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Figure 3.21: Cross sectional PSD at Wysswasser facility
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Figure 3.22: Average PSD curve at inlet channel and at outlet of Saas Balen facility
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Figure 3.23: Average PSD curve at inlet channel and at outlet of Wysswasser facility
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4 Evaluation of measurement campaign data

4.1 Introduction

Within the scope of the measurement campaign a vast amount of data on spatial flow velocities, turbidity,
density and temperature was acquired and numerous water samples were taken. Based on subsequent
lab analyses correlations between turbidity and SSC and density and SSC were identified. Moreover,
the PSD and the mineralogical compositions of the suspended sediment were determined. Altogether
the data were evaluated against the backdrop of characterization and assessment of facility flow fields
and suspended sediment transport. Furthermore, the data were processed to be used for calibration and
validation of the numerical model (Chapter 5).

4.2 Data correlation

4.2.1 Turbidity and SSC

In the inlet channel, in the basin and at the outlet above the weir crest, turbidity was recorded and
water samples were taken. Linear regressions were carried out and are shown in Figures 4.1 and 4.2.
The turbidity readings (FNU) are device dependent and thus no absolute values, but rather need to be
interpreted for each sensor separately. As stated in Section 3.1, no useful correlations of turbidity and
SSC were found for Moerel facility due to too low SSC and its too small variance (Figure A.1).
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Figure 4.1: Correlation between turbidity and SSC at Saas Balen facility for inlet (2, dotted line), basin (#, solid
line) and outlet (M, dashed line)
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Figure 4.2: Correlation between turbidity and SSC at Wysswasser for inlet (2, dotted line), basin (#, solid line) and
outlet (M, dashed line)

Reliable correlations between turbidity and SSC were found for Saas Balen facility. At Wysswasser
facility, a limited reliable correlation for the basin was found. Figure 4.2 exhibits the presence of mainly
two point clouds, thus the regression coefficient must be interpreted carefully. Also the correlation for
the inlet channel has to be used with caution, since only four water samples were evaluated. Only three
water samples taken in the outlet could be evaluated, hence the corresponding correlation is not further
used.

At Saas Balen facility, the response characteristic (i.e. recorded turbidity magnitude and slope of the
regression equation) for the turbidity sensors in the inlet channel and the basin is very similar. In contrast,
turbidity readings in the outlet are significantly higher for identical SSC magnitudes. For instance, the
turbidity is about 150 FNU in the inlet channel and basin and about 500 FNU at the outlet for a SSC of
0.4g/l . Additionally, the slope of the regression line is lower, implying a higher sensitivity to the present
suspended particles. This could either be due to the detected refinement of particle size (cf. Figures 3.20
and 3.22) and the corresponding findings of for example Felix et al. (2012) and Merten et al. (2013) (cf.
Section 3.2.3), or due to the use of different devices.

Analogous observations were made at Wysswasser. The turbidity sensor sensitivity to the present sus-
pended particles in the inlet channel and basin is similar, expressed by the similar slope of the regression
lines. Nevertheless, the regression lines are parallel shifted. For a SSC of say 0.3g/l , the inlet channel
turbidity record (450 FNU) is several times higher compared to the basin (140 FNU). Since PSD is very
similar in the inlet channel (cf. Figure 3.23) and basin (Figure 3.21), this finding cannot be explained.
Despite the low number of evaluated water samples, clear tendencies in the response characteristic of the
outlet turbidity sensor can be identified. The turbidity magnitude is significantly higher than in the basin,
again caused by a finer PSD (Figure 3.23 and 3.21).

Checking all correlations against each other, slightly higher response sensitivity to the present suspended
particles can be identified for the inlet channel and basin turbidity sensor at Saas Balen facility (lower
slope of regression lines). This can be attributed to the mineralogical composition, following findings of
Felix et al. (2012). At Saas Balen facility, about 55% of the occurring minerals are flaky and elongated,
whilst this applies to about 48% of the minerals at Wysswasser (cf. Table 3.8).
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4.2.2 Density and SSC

In general, the measured instantaneous density of the water-sediment mixture ρmix is controlled by (i)
temperature-dependent clear water density ρw, (ii) dissolved inorganic and organic substances, (iii) sus-
pended inorganic and organic substances, and (iv) air content. Inorganic and dissolved organic substances
are neglected for the evaluation. Thus, the mass-related amount of suspended inorganic substances (i.e.
SSC) within the mixture can be calculated as:

SSC = (ρmix−ρw)/

(
1− ρw

ρs

)
[g/l] (4.1)

For the calculation of the temperature-dependent density of de-aerated clear water ρw at standard atmo-
sphere (p = 101.325 kPa, sea level), Eq. (4.2) proposed by Tanaka et al. (2001) is used. The variation of
water density with sea level is small and thus neglected:

ρw = 999.975kg/m3

[
1− (Tw−3.983035°C)2 (Tw +301.797°C)

522528.9°C2 (Tw +69.34881°C)

]
[kg/m3] (4.2)

where Tw = water temperature [°C]. In the context of evaluating the CFDM measurement data, it turned
out that measurements yield valuable results solely for the facility Wysswasser in a certain data range.
After excluding data sets showing ca. SSC ≤ 0.5g/l and σFNU/µFNU > 0.05 (cf. Section 3.6.2.1) the
correlation presented in Figure 4.3 (2) is obtained. For information purposes, the excluded data sets
showing SSC ≤ 0.5g/l (#) are presented additionally.
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Figure 4.3: Correlation between ρmix and SSC at Wysswasser for SSC > 0.5 g/l (2) and SSC < 0.5 g/l (#)

Table 4.1 shows that calculated SSC (SSCclc) and SSC determined in the laboratory (SSCdet) deviate
by a rather constant offset (4SSC) from each other. This offset possibly arose due to a systematical
measurement deviation, or might represent dissolved substances which are not accounted for.
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Table 4.1: Comparison of SSC calculated from density and temperature measurements and SSC determined in the
laboratory for water samples from the facility Wysswasser

T ρmix ρs ρw SSCclc SSCdet 4SSC

[°C] [kg/m3] [kg/m3] [kg/m3] [g/l] [g/l] [g/l]

2.59 1001.02 2734 999.959 1.67 0.56 1.11

2.56 1001.04 2734 999.959 1.70 0.63 1.07

2.64 1001.07 2734 999.960 1.75 0.64 1.11

2.60 1001.07 2734 999.959 1.75 0.68 1.07

2.50 1001.06 2734 999.957 1.74 0.70 1.04

2.58 1001.08 2734 999.959 1.77 0.75 1.02

2.50 1001.11 2734 999.957 1.82 0.77 1.05

2.60 1001.12 2734 999.959 1.83 0.79 1.04

Interpreting the density records from Saas Balen facility, probably both of the previously described
issues biased the measurements. On the one hand, about one third of the data corresponds to clear water
temperatures of 15 ◦C and above, while the global recorded temperature range is 10.01 ≤ T ≤ 14.91 ◦C
. On the other hand, half of the SSC data approximately coincide with the CFDM uncertainty range.
For the remaining data set, no adequate correlation between density and SSC was found. Since reliable
correlations between turbidity and SSC were found (cf. Section 4.2.1), CFDM data were not used for
correlations between density and SSC even for the limited range at Wysswasser facility.

4.3 Flow field characterization

4.3.1 Data visualization

For purposes of comparison, the measurement point coordinates x, y and z are normalized with the basin
length L, width W and cross sectional flow depth h, respectively, at each facility. From this it follows
x/L = X , y/W = Y and z/hm = Z. The origin of the used coordinate system is located at the junction
of transition zone and basin. Hence, X = x/L = 0 denotes the first regular basin cross section. The Y -
respectively y/W -axis origins at the fixed boundary on the orographic right side of the basin and points
in direction of the orographic left boundary. In each cross section of a desanding facility, Z = 0 is the bed
level excluding the flushing system. The presented contour plots solely comprise the flow area directly
covered by the measurements, which corresponds to the area indicated by the dashed line in Figures 3.17,
3.18 and 3.19 (no extrapolation towards fixed boundaries, for example side walls and bed).

The flow velocity data of each facility is visualized by means of three different ways of presentation, in
particular:

� cross sectional contour plot of longitudinal flow velocity component vx normalized by inlet channel
mean flow velocity vin,m

� cross sectional contour plot of transverse and vertical flow velocity magnitude
√

v2
y + v2

z normal-
ized by the local flow velocity magnitude v =

√
v2

x + v2
y + v2

z ; values close to zero reveal distinct
longitudinal flow, whilst values close to unity signify dominance of transverse and/or vertical flow

� cross sectional contour plot of turbulent kinetic energy kt and mean value kt,m

Each of the given x-coordinates for the inlet channel and/or the transition zone represents the developed
length referring to the respective basin coordinate system and is therefore always negative. The recorded
flow velocity data in the inlet channel and/or transition zone is visualized by:
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� contour plot of longitudinal flow velocity component vx

� mean value of flow velocity magnitude vm

� mean value of turbulent kinetic energy kt,m

4.3.2 Saas Balen

4.3.2.1 Inlet channel and transition zone

Two measurement cross sections upstream of the basin were realized. The first one is located in the
inlet channel, 3.4m upstream of the transition zone at x = −11.9m . The second one is situated directly
upstream of the orographic first row of tranquilizing racks in the transition zone at x = −4.4m . In the
inlet channel, the longitudinal flow velocity vx is significantly higher on the orographic right than on the
orographic left side almost over the whole flow depth (Figure 4.4), likely caused by the left-hand bend a
few meters upstream of the measurement cross section. Although only a small portion of the flow area
could be covered by measurements, this seems also to apply to the flow field recorded at the racks. At
this cross section return flow was observed in the field, which is confirmed by the negative values of vx.
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Figure 4.4: Contour plot of longitudinal flow velocity vx at (a) inlet channel cross section, (b) transition zone cross
section and (c) plan view sketch of inlet channel and transition zone section at Saas Balen facility

4.3.2.2 Basin

The flow field was found to be considerable inhomogeneous in large basin reaches (Figure 4.5). About
half the basin length is characterized by higher longitudinal flow velocities vx near the fixed boundaries
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(side walls and bottom) and lower values of vx in the central area and at the water surface. Figure 4.7
shows that analogous results were found for the TKE distribution. Additionally, large portions of the
flow area are characterized by significant flow deflections into the transverse and vertical direction (Fig-
ure 4.6). A reason for that inhomogeneity may be the presence of the tranquilizing racks. On the one
hand, the flow is accelerated in the gaps between side walls and basin invert, respectively, and outer
edges of the racks. On the other hand, the flow is strongly decelerated in large parts of the water body
downstream of the racks. These flow features most likely occur because rack bars hinder the flow. Con-
sequently, in the vicinity of the racks TKE is highest. This may be explained by flow detachment and
vortex formation at the sharp edges of the racks. TKE remains noticeably high near the fixed boundaries
until cross section X = 0.17, possibly caused by trailing-edge vortex shedding commonly observed at
rack bars (Meusburger, 2002, Naudascher and Rockwell, 2005). Those vortices detach alternately on the
left and right side of the bar back end forming a vortex street.

Within the second half of the basin, the flow field becomes increasingly homogeneous. Transverse vy

and vertical vz flow velocity components represent maximally 33% of the flow velocity magnitude v.
Beginning at cross section X = 0.51, kt,m = 10cm2/s2 and remains almost constant until the basin end.
In the last three measurement cross sections, an uniform distribution across the flow area is observed.
Compared to the inlet channel, kt,m is reduced by about 99% after half the basin length.
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Figure 4.5: Cross sectional contour plots of longitudinal flow velocity vx normalized with mean inlet channel flow
velocity vm,in at Saas Balen facility
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Figure 4.6: Cross sectional contour plots of transverse and vertical flow velocity magnitude normalized with flow
velocity magnitude v at Saas Balen facility
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Figure 4.7: Cross sectional contour plots of turbulent kinetic energy kt and cross sectional mean turbulent kinetic
energy kt,m at Saas Balen facility

4.3.3 Wysswasser

4.3.3.1 Inlet channel

The inlet channel measurements at Wysswasser facility were conducted in two cross sections. The first
one is located directly downstream of the coarse trash rack at the intake side weir at x = −23.3m. The
second one is situated a few meters upstream of the transition zone and tranquilizing racks at x =−4.0m.
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At the intake cross section, the distribution of the flow velocity magnitude v describes a circular-like
pattern (Figure 4.8 (a)). The highest values are found on the orographic right side, close to the bed.
From there, v decreases in the direction of the water surface as well as in the direction of the orographic
left side wall. At the second cross section in the inlet channel, which is aligned with the basin axis, the
longitudinal flow velocity vx is lower on the orographic right side and higher on the left one, matching
the present right-hand curve of the channel.
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Figure 4.8: (a) Contour plot of flow velocity magnitude v at intake cross section, (b) contour plot of longitudinal flow
velocity vx at inlet channel cross section and (c) plan view sketch of intake and inlet channel section at Wysswasser
facility

4.3.3.2 Basin

Due to on-site constraints, the first measurement cross section X = 0.20 is located 6.45m downstream
of the transition zone end. A possible effect of the bent inlet channel cannot be identified, but rather
an even distribution of the longitudinal flow velocity vx across the basin width is present until X = 0.66
(Figure 4.9). However, especially cross sections X = 0.2 and 0.28 are characterized by high transverse
(vy) and vertical (vz) flow velocity components, which partly represent up to 100% of the flow velocity
magnitude v (Figure 4.10). Moreover, the flow field exhibits significantly higher values of longitudinal
velocity vx near the bottom. A possible reason for that unexpected flow feature could be the complex
geometry of the transition zone. It is composed of a strongly inclined vertical transition (bed slope 40.5%)
of only 3.7m length, followed by a vertical step of about 2.5 m height (cf. Figure 3.13). Additionally, the
inlet channel bed has a slight counter-slope of ca. 1% and the tranquilizing racks in the transition zone
may have an influence on the flow field. The racks do not evenly reduce the flow area, but leave blank
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several decimeters (increasing from row to row) between the bottom end of the rack bars and transition
zone bed. In analogy to the findings at Saas Balen facility, the flow is accelerated in those gaps featuring
a pattern similar to a jet flow.

The effect of the described approach flow condition characterizes the flow field in almost the whole basin.
At cross section X = 0.97, different flow conditions can be identified, caused by the weir located at the
end of the basin. Very low flow velocities and partially return flow was recorded in the lower reach of the
measurement grid. kt,m decreases slightly between cross sections X = 0.20 and 0.84, but increases in the
last (X = 0.97) measurement cross section. Compared to Saas Balen facility (and also Moerel facility,
cf. Figure A.4), the distribution of kt,m is very inhomogeneous throughout the whole basin.
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Figure 4.9: Cross sectional contour plots of longitudinal flow velocity vx normalized with mean inlet channel flow
velocity vm,in at Wysswasser facility
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Figure 4.10: Cross sectional contour plots of transverse and vertical flow velocity magnitude normalized with flow
velocity magnitude v at Wysswasser facility
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Figure 4.11: Cross sectional contour plots of turbulent kinetic energy kt and cross sectional mean turbulent kinetic
energy kt,m at Wysswasser facility
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4.4 Sediment flux

To obtain information on the suspended sediment transport along the basin the sediment flux density fs is
determined. It is calculated as follows, using the longitudinal flow velocity component vx and gravimetric
suspended sediment concentration Cs,g (i.e. SSC):

fs = vx Cs,g [kg/(s m2)] (4.3)

To calculate the cross sectional suspended sediment flux Fs,cs, the cross sectional measurement area is
divided into sub-areas A∗, each represented by one of the single points in the measurement grid. Three
basic cases for the computation of the sub-areas exist, which are illustrated in Figure 4.12. The sub-area
for each measuring point is calculated based on the transverse (4y) and vertical (4z) grid spacing (case
a) and moreover based on the distance to fixed boundaries (4y∗ and4z∗, cases b and c).

A* A*

∆y

∆z A*

∆y

∆z/2
∆z

∆y/2

A* = ∆y ∆z A* = (∆y* + ∆y/2) ∆z

∆y*

∆z*

A* = ∆y (∆z* + ∆z/2)(a) (b) (c)

Figure 4.12: Schematic illustration of the sub-area method; circles representing measuring points: (a) measuring
point fully within grid, (b) measuring point next to side wall, and (c) measuring point next to the bed.

Based on the sub-areas A∗ and the sediment flux density fs the cross sectional suspended sediment flux
is calculated as:

Fs,cs =
i

∑
k=1

fs,k A∗k [kg/s] (4.4)

Figures 4.13 and 4.14 show cross sectional contour plots of sediment flux density distribution and the
resulting cross sectional sediment flux for Saas Balen and Wysswasser facilities. To account for the
effects of temporal SSC variation and to allow for cross sectional comparison, fs is normalized by the
instantaneous mean sediment flux density fs,in in the inlet channel. Increased sediment flux densities fs

exist in areas of increased flow velocity and/or increased SSC.

At Saas Balen facility, particularly from X = 0÷0.26 the sediment flux density distribution clearly cor-
responds to the distribution of vx (cf. Figure 4.5). However, this accordance is less pronounced in the
second half of the basin, which is additionally characterized by low values of TKE (cf. Figure 4.7).Conse-
quently, the distribution of fs is possibly markedly controlled by flow inhomogeneities mainly expressed
by TKE, which keeps a considerable amount of the present sediments in suspension. With decreasing
TKE, more and more particles deposit, indicated by decreasing Fs,cs from X = 0.26÷0.94 . Nevertheless,
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very fine particles (i.e. silt and clay) may remain in suspension (cf. Figure 3.20) even due to minimal
flow velocity fluctuations, possibly forming the observed random sediment flux density distribution.

Regarding the sediment flux density distribution at Wysswasser facility, similar conclusions as for Saas
Balen facility can be drawn. Increased fs values exist in areas of higher longitudinal flow velocity.
The mean cross sectional sediment fluxes at Wysswasser facility are consistently higher than at Saas
Balen facility, although the mean SSC in the inlet channel (SSCin) was similar during the measurements
(Figures 4.15 and 4.16) at both facilities. One possible reason could be the higher cross sectional TKE
at Wysswasser facility, which moreover does barely decrease with basin length (cf. Figure 4.11).
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Figure 4.13: Contour plots of sediment flux density fs normalized with instantaneous mean inlet channel sediment
flux density fs,in, and cross sectional sediment flux Fs,cs at Saas Balen facility
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Figure 4.14: Contour plots of sediment flux density fs normalized with instantaneous mean inlet channel sediment
flux density fs,in, and cross sectional sediment flux Fs,cs at Wysswasser facility
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4.5 Longitudinal sediment transport pattern

The longitudinal sediment transport pattern can be estimated by means of the cross sectional sediment
fluxes Fs,cs. On the one hand, comparing two consecutive cross sections, a decreased sediment flux is
interpreted as deposition between both cross sections. On the other hand, an increased sediment flux
might indicate resuspension of particles into the flow. Care has to be taken that cross sectional variation
of the sediment fluxes could be due to the chosen measurement grid: Sediment particles being transported
below the lowest measuring point of water withdrawal were not captured. To draw general conclusions,
cross sectional sediment fluxes Fs,cs are normalized by the according instantaneous mean sediment flux
in the inlet channel Fs,in during the measurement of each cross section. For this approach, the respective
travel time between the inlet channel cross section and the basin cross sections is neglected, since it
maximally amounts to only a few minutes.

Based on the normalized cross sectional sediment fluxes Fs,cs/Fs,in it can be found that at Saas Balen
facility 29% of the suspended sediments deposit upstream of cross section X = 0 and hence in the area
of the tranquilizing racks (Figure 4.15). Whilst deposition is present at the first quarter and second half
of the basin, resuspension seems to occur in the second quarter of the basin.
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Figure 4.15: Normalized cross sectional sediment fluxes Fs,cs/Fs,in (solid line), d50 (crosses) and instantaneous mean
SSC in the inlet channel (dashed line) at Saas Balen facility

At Wysswasser facility, 11% of the suspended sediments deposit upstream of cross section X = 0.20. The
reach 0.28≤X ≤ 0.66 is possibly characterized by significant resuspension of deposited sediments, or an
upwards directed sediment flux which was not captured by measurements in the first third of the basin. In
the last quarter of the basin Fs,cs/Fs,in slightly decreases from 94% to 85%. Since at cross section X = 0.20
only 60 instead of 72 measurement points could be realized, the sediment flux Fs,X=0.20 calculated based
on 60 measurement points is multiplied by 72/60 = 1.2.
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Figure 4.16: Normalized cross sectional sediment fluxes Fs,cs/Fs,in (solid line), d50 (crosses) and instantaneous mean
SSC in the inlet channel (dashed line) at Wysswasser facility

4.6 Longitudinal turbulent kinetic energy distribution

For the basins at Moerel, Saas Balen and Wysswasser facilities TKE was calculated based on Eq. 3.5.
Figure 4.17 shows the resulting distribution of the cross sectional mean TKE kt,m along the basin axis.
Moreover, corresponding measurement data from Ortmanns (2006) recorded at the prototype facilities
Tavanasa, Pradella and Schweiben is presented as dashed lines. Additionally, his determined approach
flow Froude numbers Fo in the last inlet channel cross section are given. For the inlet channels at Moerel,
Saas Balen and Wysswasser facilities it is ca. Fo = 0.29, 0.16 and 0.21, respectively. All of the presented
measurement data of Ortmanns (2006) was acquired at situations without deposition in the basin. At
Tavanasa facility his measurements were performed at situations with and without installed tranquilizing
racks in the transition zone. At Pradella facility tranquilizing racks were permanently installed. Also
at Schweiben facility tranquilizing racks were permanently installed, but situations with symmetric and
asymmetric approach flow conditions were considered. This was possible because Schweiben facility is
fed by two intakes from different rivers, and the conveyance channels are merged shortly upstream of the
desanding facility. For the measurements at asymmetric approach flow conditions one of the intakes was
put out of operation.
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Figure 4.17: Measured cross sectional mean TKE kt,m along the basin at Moerel (2, Fo = 0.29 ), Saas Balen
(#, Fo = 0.16) and Wysswasser (M, Fo = 0.21) facilities; comparison with data from Ortmanns (2006) recorded at
desanding facility prototypes Tavanasa, Pradella and Schweiben; Fo denotes the approach flow Froude number in
the last inlet channel cross section

Comparing all presented longitudinal TKE distributions allows for the following conclusions: First,
higher values of Fo result in higher values of basin TKE, whereas the difference is significantly more
pronounced in about the first basin third. Secondly, the presence of tranquilizing racks reduces basin
TKE in comparison to the same situation without racks. Thirdly, starting from about half the basin
length (X = 0.5) basin TKE levels out to an approximately constant value. At Wysswasser facility the
increase of kt,m in the last measurement cross section might result from the markedly larger weir overflow
height leading to stronger flow upwards deflection in comparison to the other facilities (cf. Section 6.6.8).
Fourthly, the kt,m distributions at Moerel, Saas Balen and Wysswasser facilities agree well with the kt,m

distributions determined by Ortmanns (2006) at prototype facility with similar framework conditions
(i.e. tranquilizing racks are installed and Fo ≈ 0.1÷ 0.4). Lastly, the longitudinal turbulent energy
distribution identified at Moerel and Saas Balen facilities decreases exponentially which agrees to the
findings of Ortmanns (2006). For Wysswasser facility this is difficult to identify because of the missing
data at 0≤ X < 0.2 and the pronounced increase of kt,m at the basin end.

4.7 Prototype facility performance

4.7.1 Mass-related trapping efficiency

The sediment masses passing the inlet channel and the outlet of the desanding facilities were used to
calculate the mass-related trapping efficiency ηm. For this purpose, correlations between turbidity and
SSC (cf. Figures A.1, 4.1 and 4.2) are utilized to estimate the sediment fluxes at the inlet channel
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(Fs,in) and outlet (Fs,out). They are calculated at an interval of 30s , which is the sampling frequency of
the turbidity probes in the inlet channel and outlet. The corresponding discharges are obtained from
the recordings of the operators.Integrating the sediment fluxes over the measuring time gives the total
sediment mass ms having passed the inlet channel (index ‘in’) and outlet (index ‘out’), respectively. SSC
and sediment mass in the course of the measuring days are shown in Figures 4.18 and 4.19 (Saas Balen),
and Figures 4.20 and 4.21 (Wysswasser).

During the measurements at Saas Balen facility (July 14/15, 2015), the sediment masses amounted to
ms,in = 58.75+ 43.55 = 102.30t and ms,out = 14.48+ 22.34 = 36.82t, respectively, giving an average
mass-related trapping efficiency of ηm = 0.64. At Wysswasser facility (August 4/5, 2015), the sediment
mass at the inlet channel amounted to ms,in = 108.73 + 72.45 = 181.18t. Since there is no reliable
correlation for the outlet available, estimation of ηm is based on comparing sediment fluxes at inlet
and most downstream measurement cross section X = 0.97 for the measurement period of that cross
section. Fs,in amounted to about 4.3kg/s and Fs,X=0.97 = 3.6kg/s, giving ηm = 1−Fs,X=0.97/Fs,in = 0.16.
Using the outlet correlation despite the low reliability, the sediment mass in the outlet amounts to ms,out =

63.62+35.56 = 99.18t, giving a mass-related trapping efficiency of ηm = 0.45.
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Figure 4.18: Day record of July 14, 2015 with regard to SSC and cumulated sediment masses at Saas Balen facility
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Figure 4.19: Day record of July 15, 2015 with regard to SSC and cumulated sediment masses at Saas Balen facility
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Figure 4.20: Day record of August 4, 2015 with regard to SSC and cumulated sediment masses at Wysswasser
facility
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Figure 4.21: Day record of August 5, 2015 with regard to SSC and cumulated sediment masses at Wysswasser
facility

4.7.2 Particle-size-related trapping efficiency

The particle-size-related trapping efficiency ηs is determined with reference to the classical design ap-
proach as proposed by Camp (1936), which is described in Section 2.3.1. The still water settling veloc-
ity ws,0 was taken as the calculative mean (cf. Figure 2.17) of all settling velocity approaches that are
shown in Figure 2.16. The critical limit particle size results in dcr = 195µm at Saas Balen facility and
dcr = 405µm at Wysswasser facility. Note that the difference in dcr is likely due to the different hydraulic
heads of the affiliated HPPs, which are ca. 760m and 40m at Saas Balen and Wysswasser facilities,
respectively.

To calculate ηs related to particles with the critical limit particle size, the fraction of particles dcr in the
inlet channel and at the outlet is determined based on the averaged PSD curves at these locations (cf.
Figures 3.22 and 3.23). At Saas Balen facility, the fraction of particles d ≥ dcr = 195µm decreases from
ca. 19% in the inlet channel to ca. 5% at the outlet, resulting in ηs = 0.74. At Wysswasser facility,
virtually all particles in the inlet channel show d ≥ dcr = 405µm. For this reason ηs cannot be determined
with regard to dcr, because no particles with diameter dcr were recorded during the measurements at
Wysswasser facility. Alternatively applying dcr = 195µm as for Saas Balen facility would yield ηs = 0.67
at Wysswasser facility. Independent of the determined trapping efficiencies, a general refinement of
particle sizes rated based on the present median diameter d50 can be identified for both facilities

The particle-size-related trapping efficiency is estimated based solely on comparatively few PSD records
in the inlet channel and at the outlet during the measurement period. Thus, the η-values should be
interpreted with care. Nevertheless, Table 4.2 shows that the water samples for determining PSD were
taken at times of different SSC, thus representing a meaningful range.
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Table 4.2: Time of water sampling in inlet channel and outlet and according SSC at Saas Balen and Wysswasser
facilities, respectively

Facility Position Date Time SSC

[–] [–] [mm/dd/yy] [hh:mm] [g/l]

Saas Balen Inlet channel 07/14/2015 13:00 0.05

16:00 0.34

18:00 0.89

19:30 1.00

20:30 2.12

Outlet 07/15/2015 14:30 0.26

16:45 0.53

18:15 0.40

Wysswasser Inlet channel 08/04/2015 10:00 0.62

13:00 0.98

16:00 0.40

19:00 0.25

4.7.3 Concentration-related trapping efficiency

The concentration-related trapping efficiency ηc is determined based on the comparison of mean absolute
gravimetric SSC in inlet channel and outlet. For Saas Balen facility, the concentration-related trapping
efficiency is ηc = 0.62, utilizing mean SSC presented in Figures 4.18 and 4.19. For Wysswasser facility
ηc = 0.16, again based on evaluating sediment flux data at x = 31.13m (X = 0.97), since no reliable SSC
data in the outlet is available.

4.7.4 Abrasion-potential-related trapping efficiency

Based on the recorded mean SSC and median particle diameter in the inlet channel and at the outlet
during the measurement campaign, the abrasion-potential-related trapping efficiency is calculated. For
Saas Balen facility, SSCin,m = 0.64g/l, SSCout,m = 0.25g/l, d50,in,m = 54µm and d50,out,m = 30µm as recorded
(cf. Figures 4.18, 4.19 and 3.22) results in ηAP = 0.78. Due to the shortcomings in measurement data,
ηAP cannot reliably be calculated at Wysswasser facility. Again, nevertheless using the outlet correlation
between turbidity and SSC despite its low reliability results in ηAP = 0.71 at Wysswasser facility.

4.8 Design approach comparison

Selected currently available basin design approaches (cf. Section 2.3) were applied to the investigated
facilities to assess their applicability. For that purpose, the calculative critical limit particle size (dcr) was
determined and compared with the corresponding maximum particle size detected in inlet channel (dmax,i)
and outlet (dmax,o). Furthermore, the suggested ratios of basin length and width L/W > 8 as well as basin
width and flow depth W/hm ≈ 0.8 (cf. Section 2.3) were checked. The still water settling velocity ws,0

was taken as the calculative mean (cf. Figure 2.17) of all settling velocity approaches that are shown in
Figure 2.16. The results are summarized in Table 4.3.
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Table 4.3: Overview of critical limit particle size for the investigated desanding facilities following different design
approaches as well as accordance of basin geometry with those design approaches

Facility Design approach (dcr [µm]) Measurements [µm] L/W W/hm

[–] A B C D dmax,i dmax,o [–] [–]

Saas Balen 195 175 275 340 700÷800 350÷400 6.0 1.8

Wysswasser 405 375 575 2550 350÷400 250÷300 8.0 0.8

A: Camp (1936), B: Velikanov (1936), C: Camp (1953), D: Ortmanns (2006)

The determination of dcr followed different procedures. Applying the classical approach of Camp (1936)
(cf. Section 2.3.1), Eq. (2.12) was solved for the settling velocity ws by using the given geometric
basin parameters as well as the measured discharge and flow depth. After that, the present still water
settling velocity could be calculated by means of Eqs. (2.10) and (2.11). The calculative dcr theoretically
corresponds to a trapping efficiency of ηs = 1.

Following Velikanov (1936), ηs is limited to about 0.97, giving λ = 1.6 (cf. Figure 2.4). Eq. (2.14) was
solved for the still water settling velocity ws,0 by using the given geometric basin parameters as well as
the measured velocity and flow depth.

Investigating the approach of Camp (1953) shows that ηs ≈ 1 can only be attained for situations with
ws,0/v0 = 2 and 122w/v≥ 10, ws,0/v0 = 1.5 and 122ws,0/v≥ 20, as well as ws,0/v0 = 1.2 and 122ws,0/v≥
60 (cf. Figure 2.5). For each facility, both pairs of equations were solved for ws,0. In each case, the
maximum calculated still water settling velocity is decisive and was used to calculate the critical limit
particle size.

Applying the approach of Ortmanns (2006) requires the calculation of the coefficient K first (cf. Sec-
tion 2.3.5). Subsequently, the still water settling velocity ws,0 can be calculated based on Eq. (2.16). For
this purpose, the given geometric basin parameters as well as the measured discharge and flow depth
were applied.

4.9 Discussion and conclusions

Each of the investigated prototype facilities exhibits significant inhomogeneous flow conditions in ap-
proximately the first third of the basin. This is in contrast to current design recommendations and as-
sumptions (cf. Section 2.3). On the one hand, the basin flow field is affected by inhomogeneous approach
flow conditions in the inlet channel. On the other hand, this is attributed to the tranquilizing racks in the
transition zone. In the last basin measurement cross sections the flow fields become increasingly ho-
mogeneous. While the cross sectional mean TKE continuously decreases from the first to the last basin
measurement cross section at Moerel and Saas Balen facility, it barely decreases at Wysswasser facility.
In the last measurement cross section at Wysswasser facility, TKE is even about 33% higher than in the
first measurement cross section, which could be caused by the vicinity of the outlet weir.

For the basins, the combination of widespread turbidity measurements and water sample analyses yielded
reliable linear regressions to estimate SSC based on turbidity at Saas Balen and Wysswasser facilities. In
the inlet channel and at the outlet, turbidity measurements and water sampling represent a single point
measurement which is assumed as representative for the whole cross section (cf. Section 3.4). This
implies that the measured SSC is in accord with the mean SSC, i.e. Cs,m, in the cross section. To indeed
determine Cs,m based on a point measurement, the vertical measurement distance from the bed z̃ has to be
chosen such that Cs(z̃) = Cs,m (cf. Eqs. 2.41 and 2.42). Since the concentration profiles after Rouse are
based on the diameter-specific still water settling velocity ws,0, the aforementioned coherences only hold
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for uniform suspended sediment. Nevertheless, a simplified consideration is subsequently made to check
the representativity of the measurements at Saas Balen and Wysswasser facilities.

For this purpose, the calculative critical limit particle size dcr is used as facility-specific quantity. It is
dcr = 195 and 405µm for Saas Balen and Wysswasser facilities, respectively, resulting in ws,0 = 0.021
and 0.056m/s, respectively, following the settling velocity approach of Soulsby (1997). Calculation of
the Rouse number P in the inlet channel measurement cross section requires the bed shear velocity u∗.
The bed shear velocity is estimated as u∗ =

√
grhy S, applying the hydraulic radius rhy to take 3D flow

conditions (W/h� 5) into account. For Saas Balen facility S = 5.6‰ is used, which corresponds to
the inlet channel longitudinal bed slope. For Wysswasser facility, the measured water surface elevation
difference between the two inlet channel measurement cross sections at x ≈ = −26m and x = −4.0m
(cf. Figure 4.8) is used to estimate the slope, resulting in S = 3.2‰. From this it follows u∗ = 0.19 and
0.16m/s at Saas Balen and Wysswasser facilities, respectively, giving P= 0.28 and 0.85, respectively.

Application of Eqs. 2.41 and 2.42 yields that the depth-averaged SSC respective dcr is present at z̃/h =

0.53 for Saas Balen facility and at z̃/h = 0.35 for Wysswasser facility. Under unchanged hydraulic
conditions z̃/h increases for particle sizes d < dcr (resulting in enhanced SSC homogeneity in the water
column), involving that it is possible to perform a representative point measurement already closer to the
water surface – and vice versa for d > dcr. At Saas Balen and Wysswasser facilities the measurements
in the inlet channel cross section were performed in the centerline at z/h ≈ 0.5. At Saas Balen facility
particles up to d = 700÷ 800µm were detected to be in suspension in this elevation (cf. Table 4.3) .
Following the criterion of Hearn (2008) this suggests a Rouse number around P= 1 (cf. Section 2.5.4),
indicating that u∗is rather higher than estimated afore, favoring SSC homogeneity.

It follows that the point measurement in the inlet channel can be treated as quite representative for the
entire cross section, particularly at Saas Balen facility. Due to the overall complex coherences and the
made assumptions a certain non-quantified inaccuracy exists, which however is rated to not bias the
overall findings respective inlet SSC and PSD. For the outlet measurement cross section at the weir crest
this inaccuracy is assumed to be markedly smaller, because the increased flow velocity and decreased
flow depth leads to increased u∗ and the fraction of larger particles is reduced, both resulting in smaller
Rouse numbers and enhanced mixing of water and sediment. Altogether, it is presumed that (i) mean
SSC and median particle size in the approach flow at Wysswasser facility are underestimated, and that
(ii) the measurement at the outlet cross section can be considered as representative at both Saas Balen
and Wysswasser facilities. Consequently, for Wysswasser facility the calculated trapping efficiencies
are likely to be underestimated. The trapping efficiencies range from η = 0.62÷ 0.78 at Saas Balen
facility and η = 0.16÷0.71 at Wysswasser facility, respectively (cf. Section 4.7). Although uncertainty
regarding the absolute values exists, the relative difference between the different trapping efficiency
approaches demonstrates that definition of the design trapping efficiency in the planning stage is crucial.

Checking the investigated facilities against current design approaches yields interesting findings. First,
the calculative critical limit particle size referring to the classical design approach significantly deviates
depending on the applied design approach (cf. Table 4.3). Secondly, for Saas Balen facility the classical
design approach of Camp (1936) significantly overestimates the facility performance with regard to crit-
ical limit particle size. In contrast, the approach of Ortmanns (2006) yields a critical limit particle size
which agrees well to the maximum particle size detected in the outlet. Thirdly, for Wysswasser facility
the critical limit particle size as predicted by the approach of Ortmanns (2006) is about six times higher
than this predicted by the approach of Camp (1936). In the light of the detected maximum particle size
in the inlet channel and at the outlet this appears to be implausible.

With regard to the measurement setup, further constraints exist with regard to incomplete cross sectional
flow area coverage. For the basin, missing data in vicinity of the side walls and especially above the
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bed has an effect on the determination of SSC and PSD, because coarser particles might have been trans-
ported below the lowest water sampling elevation and thus were not taken into account for the evaluation.
For the inlet channel, particularly an incomplete flow field data set is disadvantageous, because the veloc-
ity data should be used as upstream numerical boundary condition for the simulations of the desanding
facility prototypes (Section 5.5). The lack of data necessitated to make assumption for the flow velocity
distribution in the area not covered by the measurements. Since the upstream numerical boundary con-
dition has a major influence on the entire computational domain, this introduced uncertainty affects the
agreement between measured and simulated basin flow fields.

Altogether, the conceived setup and the employed instrumentation allowed for the acquisition of high-
quality data on flow field and suspended sediment transport, which particularly holds for the basins of the
investigated prototype desanding facilities. The incomplete flow area coverage in the measured cross sec-
tions introduces uncertainties, which particularly affect the facility trapping efficiencies calculated from
SSC and PSD in the inlet channel and at the outlet. These uncertainties in the measurement campaign
data have to be considered in the scope of the calibration and validation of the numerical model.
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5 Numerical model and model validation

5.1 Introduction

In the field of hydraulic engineering, design and performance of hydraulic structures is often investi-
gated by means of physical model studies. Due to limitations in costs and laboratory space, physical
models are scaled down. Downscaling is constrained by scale effects, for example evoked by surface
tension of water or cohesion of fine sediment particles. Scale effects result in non-identical force ratios
between prototype and model, making a reliable transfer of model test results to prototype scale impos-
sible. Scaling problems occur, amongst others, when very small sediment particles are in focus of the
investigation.

In contrast, computational fluid dynamics (CFD) allows for simulating complex flow situations taking
also sediment transport processes into account without downscaling. Besides this, model parameters and
geometry can easily be varied compared to a physical model. These aspects were crucial for the decision
to employ numerical modeling for the parameter study within the present research project. Nevertheless,
it has to be considered that using CFD entails modeling and thus simplified replication of governing
physical processes, which may include limitations uncertainties. Moreover, numerical model effects due
to insufficient mesh resolution or inappropriate choice of model parameters can occur.

In the scope of the present investigation it was required that the numerical model is capable to handle the
following conditions:

� 3D wall-bounded flows in combination with multiple particle fraction sediment transport

� Reynolds numbers around R= 105÷106 (calculated based on the hydraulic radius)

� situations with supercritical and asymmetric inlet channel approach flow

� flow detachment and recirculation zones

� local flow obstacles such as tranquilizing racks and installations

� multiple fraction sediment transport

� straightforward incorporation of arbitrary geometries

Meeting the afore requirements, the CFD software FLOW-3D (solver version 11.1.3.1) was applied for
the present investigation. The numerical model was evaluated regarding the capabilities to model the
governing flow and settling processes prior to the desanding facility parameter study (Sections 5.3 and
5.5). For this purpose, the following validation simulations were conducted:

� free-surface channel flow

� migrating trench experiment

� desanding facilities Saas Balen and Wysswasser

Free-surface channel flow investigations were already performed within the scope of a preliminary study
(VAW, 2015) ahead of the present research project. VAW (2015) conducted simulations of straight,
inclined channels, comparing calculated vertical flow velocity profile and bed shear stress with common
theoretical findings. Very good agreement between simulation results and theoretical values was found
with FLOW-3D. Thus the numerical model was considered to be validated for the desired purpose with
regard to reliably simulate free-surface flows.

To particularly validate the FLOW-3D sediment transport model and to assess its sensitivity to the model
parameters and mesh resolution, a migrating trench lab experiment conducted by van Rijn (1987) was
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used to compare simulation results with experimental findings. This experiment covers all relevant sed-
iment transport processes, in particular suspended load transport, bed load transport, deposition and en-
trainment. For that reason it was found to be an appropriate benchmark for the sediment transport model.
Further validation simulations for the sediment transport model are presented by Wei et al. (2014).

The final step of software validation was the simulation of the investigated desanding facilities. Here, the
software was checked regarding its capabilities to reproduce the complex flow and sediment transport
processes recorded within the precedent measurement campaign. When defining the acceptable degree
of consistency, measurement uncertainties, model assumptions and simplifications have to be taken into
account. Since hydraulic conditions control the sediment transport processes in desanding facilities, it
was decided to calibrate and validate the numerical model primarily based on flow velocity measurement
data of Saas Balen and Wysswasser facilities, respectively. A particular challenge is the consideration of
the recorded inlet channel velocity field as numerical boundary condition and the implementation of the
tranquilizing rack structures. The latter was examined prior to the desanding facility simulations and a
promising approach was developed, that is thoroughly described in Section 5.4.

5.2 Numerical model

5.2.1 General

The 3D Reynolds-averaged Navier-Stokes (RANS) equations are solved by numerical approximation.
Therefore the computational domain is discretized by finite, rectangular volumes, called computational
cells. The cells are arranged on a structured, orthogonal grid, referred to as computational mesh. Solid
objects such as walls or obstacles are processed by a software-specific technique in FLOW-3D. Hence,
the mesh does not have to exactly fit to geometry and thus complex geometries can be implemented with
minor effort. Additional user comfort is provided by the import option for stereolithography files (STL)
containing the geometry of the structure, obstacles or other objects within the computational domain.

5.2.2 Equations of motion

Turbulent flow can mathematically be described by the 3D Navier-Stokes equations. They imply con-
servation of mass (Eq. 5.1) and momentum (Eq. 5.2). For incompressible water flow, using a Cartesian
coordinate system and applying the Einstein notation, these equations read in the conservative form:

∂vi

∂xi

= 0 (5.1)

∂vi

∂ t
+ v j

∂vi

∂x j

=− 1
ρw

∂ p
∂xi

+ν
∂ 2vi

∂x2
j

+ fi (5.2)

where v = flow velocity [m/s]; t = time [s]; ρw = water density [kg/m3]; p = pressure [N/m2]; ν =

νw + νt = modified kinematic viscosity [m2/s] (Eq. 5.5); f = body accelerations (e.g. gravity) [m/s2].
The computational effort to solve the Navier-Stokes equations for turbulent flow by direct numerical
simulation (DNS) meaning to spatially and temporally resolve all small scale turbulent fluctuations is
immense, since very small cells and computational time steps have to be used. For common hydraulic
engineering applications, required computer power and simulation time is too high to perform DNS.
For that reason, the Navier-Stokes equations can be simplified by applying Reynolds decomposition (cf.
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Eq. (3.3), Section 3.6.1). By means of this method the flow velocity is divided into a time averaged and
a fluctuating part. From this, the RANS equations are obtained:

∂vi

∂ t
+ v j

∂vi

∂x j

=− 1
ρw

∂ p
∂xi

+ν
∂ 2vi

∂x2
j

−
∂v′iv

′
j

∂x j

+ fi (5.3)

where v = averaged flow velocity [m/s]; p = averaged pressure [N/m2]; v′ = turbulent velocity fluctu-
ation [m/s]. Comparing Eq. (5.3) with Eq. (5.2) shows the emergence of an additional term v′iv

′
j. It is

denoted Reynolds stress tensor and results from time averaging of nonlinear convection terms within the
Navier-Stokes equations (Rodi, 2017). By applying Reynolds decomposition, three additional unknown
quantities are introduced (v′x, v′y and v′z). To close the system, turbulence models representing additional
equations to describe the Reynolds stress tensor are used. That way, a concept for assessing the turbulence
effect onto mean flow characteristics is provided.

5.2.3 Turbulence modeling

The standard k− ε , k−ω and the Renormalization-Group k− ε (RNG) turbulence model are available.
These models consist of two additional transport equations for turbulent kinetic energy kt and dissipation
rate εt or specific dissipation ω , respectively. Their properties and application areas are summarized in
Table 5.1. For all implemented models, the influence of turbulence on momentum diffusion is considered
by modifying the dynamic viscosity according to Eq. (5.4). A term called kinematic turbulent viscosity
νt is added to the water kinematic viscosity νw and this modified kinematic viscosity ν = νw +νt is used
in the governing equations as:

µ = ρw (νw +νt) = ρw ν [m2/s] (5.4)

Independent of the used turbulence model the kinematic turbulent viscosity is calculated according to
Eq. (5.5), wherein kt and εt arise from the selected turbulence model:

νt = 0.09
k2

t

εt

[m2/s] (5.5)

Table 5.1: Summary of the properties and application area of the two-equation turbulence models implemented in
FLOW-3D (adapted from Marshall and Bakker, 2004 and Wilcox, 2006)

Model name Properties and application area

Standard k− ε very stable; determination of parameters (averaging) based on applications mainly
in the high Reynolds number range (semi-empirical); algebraic equations for
turbulent viscosity

RNG k− ε determination of parameters based on statistical procedures; suitable for low
(transition range) to high Reynolds number flows; in comparison to standard k− ε:
adjusted dissipation equation (transport equation for ε) for improved description of
areas with large flow property gradients (e.g. flow detachment), differential
equations for turbulent viscosity

k−ω similar to standard k− ε model; transport equation for ω; less stable depending on
implementation; more suitable for situations with flow detachment and distinct
positive pressure gradients, curved flows and jet flows
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Within the present research project all simulations were conducted using the RNG turbulence model. In
comparison to the other available two equation turbulence models, it is supposed to perform superior in
cases with boundary layer separation, recirculating flows and stall in diffusers (e.g. Ferreira and Sousa,
2002, ANSYS Inc., 2006). Moreover, VAW (2015) found satisfying performance for the intended use to
simulate desanding facilities.

For turbulent flows, the flow velocity profile near walls is approximated by application of the following
wall function:

v
u∗

=
1
κ

ln
(

dn u∗
ν

)
+5.0 [–] (5.6)

where v = flow velocity parallel to wall [m/s]; u∗ = shear velocity [m/s]; κ = von Kármán constant
[–]; dn = normal distance of computed velocity to wall [m]; ν = νw +νt = modified kinematic viscosity
[m2/s] (Eq. 5.5).

Alternatively to the above turbulence models, the software offers an option for large eddy simulations
(LES). With LES, large eddy structures are resolved by the computational mesh while small eddies
remain unresolved and a subgrid-scale model is applied. Consequently, LES demands for a significant
higher computational mesh resolution and smaller computation time steps (Andersson et al., 2011).

Against the backdrop of the model requirements (cf. Section 5.1), performing LES in the present research
project was out of scope because of the very high computational costs due to the high Reynolds numbers.
The required cell number for the computational mesh is proportional to the square (Rodi et al., 2013)
of the typically used skin-friction Reynolds number Ru∗ = u∗h/2ν (Wilcox, 1993) in context with LES.
Hinterberger et al. (2008) for example performed wall-resolved LES of a developed straight free-surface
channel flow with Ru∗ = 590 and R= vx,mh/ν ≈ 1.1×104, which demanded for about 8×106 computa-
tional cells. The applied mean cell sizes in x-, y- and z-direction were ca. 5.0, 2.5 and 1.5 cm, respec-
tively. Simulation of 20 domain flow-through times (= transit times) took ca. 7 days using a computer
server with 32 processors. In contrast to the investigation of Hinterberger et al. (2008), for the desand-
ing facility simulations in the present research project Ru∗ is in the range of 104÷ 105 (R = 105÷ 106).
Applying the mesh resolution used by Hinterberger et al. (2008) and also considering the significantly
higher Reynolds numbers, at least 107, but rather about 1010 computational cells would be required to per-
form LES in scope of the parameter study – which comprises ca. 100 simulations of flow and sediment
transport (Section 6.3).

5.2.4 Sediment transport model

The sediment transport model allows for a combined simulation of bed load and suspended load transport
of non-cohesive sediments. Whilst particles transported as bed load are sliding, rolling or saltating at the
bed (cf. Section 2.5), suspended sediments are advected with the flow. An overview of the relevant
sediment transport processes is given in Figure 5.1.
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Figure 5.1: Summarizing overview of the sediment transport processes considered

As many as ten sediment fractions can be considered in a simulation, and each of the sediment trans-
port model equations is solved for each fraction taking the specific fraction characteristics into account.
Particle fraction diameter d, density ρs, angle of repose ϕ and critical Shields parameter Θcr can be
specified. Moreover, the sediment transport model parameters can be defined for each sediment fraction
independently.

For the calculation of bed load transport, the entire bed sediment layer is vertically divided into a packed
bed and a bed load layer. Bed load is assumed to occur solely in the bed load layer. Its thickness is
computed according to van Rijn (1984b). To model bed load transport, the volumetric bed load transport
rate qbl is calculated as:

qbl = φbl

√
g
(

ρs−ρw

ρw

)
d3 [m3/(s m)] (5.7)

For the calculation of the dimensionless bed load transport rate φbl the approach of van Rijn (1984b) is
applied, stated to be applicable for particles d = 0.2÷2mm:

φ = cbl d
−0.3
∗

(
Θi

Θcr

−1
)2.1

[–] (5.8)

where d∗ = dimensionless particle diameter [−] (cf. Eq. 2.27). The default value for the required bed
load transport coefficient is cbl = 0.053. The present Shields parameter Θ is calculated as:

Θi =
τb

gd (ρs−ρw)
[–] (5.9)

For the determination of the critical Shields parameter Θcr the approach of Soulsby and Whitehouse
(1997) is used, employing the following discretization of the Shields curve:

Θcr =
0.3

1+1.2d∗
+0.055 (1− e−0.02d∗) [–] (5.10)
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For the calculation of suspended sediment transport the convection-diffusion equation is solved:

∂Cs,m

∂ t
+ vs,i

∂Cs,m

∂xi

= D
∂ 2Cs,m

∂x2
i

(5.11)

where i = x,y,z [m]; Cs,m = suspended sediment mass concentration [kg/m3]; D = diffusion coefficient
[m2/s]; vs = suspended sediment particle velocity [m/s]. The sediment particle velocity vs is the resultant
of the advective flow velocity, taking magnitude and direction into account, and the settling velocity. The
diffusion coefficient D is defined as (FLOW Science, 2016):

D =
1
ρw

(
µ

Sc
+ cmd

)
[m2/s] (5.12)

where Sc= Schmidt number
(
= ν

D

)
[−]; cmd = molecular diffusion coefficient [kg/(ms)]. As general

model properties, the inverse Schmidt number (= 1/Sc) and the molecular diffusion coefficient cmd have
to be specified. Although typically values around Sc= 1 are used, Gualtieri et al. (2017) found Schmidt
numbers in the range of 1.4≤ Sc≤ 2.1 to be appropriate for numerical modeling of suspended sediment
transport. However, they state that Sc strongly varies locally depending on the present flow conditions,
which implies that it is difficult to find one single value being the best choice.

To model the contrary processes of settling and entrainment, the still water settling velocity ws,0 and the
entrainment velocity we are combined to derive the exchange rate of suspended sediment and packed
sediment bed. This rate is taken into account in the convection-diffusion equation at the interface of
water and sediment bed. The still water settling velocity is calculated following the approach of Soulsby
(1997) (cf. Section 2.5.2.2), who stated its applicability for natural particles within the whole sand size
range:

ws,0 =
νw

d

(√
107.33+1.049d3

∗ −10.36
)

[m/s] (5.13)

where d∗ = dimensionless particle diameter [−] (cf. Eq. 2.27). Whilst the effect of turbulence is taken
into account in the flow equations by means of using a modified viscosity (cf. Eq. 5.4) calculated from
the turbulence model, the molecular (non-modified) viscosity is used in Eq. 5.13 for calculation of the
settling velocity. This implies that in the model the influence of flow velocity fluctuations on the particle
settling velocity is not taken into account. With regard to the vertical fluctuations, this disregards for
example the findings of Bagnold (1966) and the desanding facility design approach of Ortmanns (2006).

To account for the effects of particle-particle interaction at high sediment concentrations on the settling
velocity, the Richardson-Zaki coefficient can be specified as a general sediment transport model param-
eter (cf. Section 2.5.2.4). The entrainment velocity representing the separation intensity of sediment
particles from the packed bed is calculated according to Winterwerp et al. (1990) as:

we = ce d0.3
∗ (Θ−Θcr)

1.5

√
gd (ρs−ρw)

ρw

[m/s] (5.14)

where ce = entrainment coefficient [−] (default value is 0.018 from data of Mastbergen and van den
Berg, 2003).
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5.3 Validation of sediment transport model

5.3.1 Experiment description and model setup

Van Rijn (1987) investigated the migration of a trench in an experimental flume. The horizontal flume
had a length of 30 m and a width of 0.5 m and was equipped with a sediment bed of 0.2 m thickness.
In about the middle of the flume, a trench was excavated over the whole flume width. Just upstream of
the trench, the flow velocity was vm = 0.51m/s and the flow depth h = 0.39m (Figure 5.2). The water
surface elevation difference between inlet and outlet was about 0.02m(personal communication). The
sediment had characteristic diameters d90 = 200µm and d50 = 160µm, respectively. During the whole
experiment, sediment was fed at the upstream end of the flume at a constant rate of 0.02kg/s, which van
Rijn (1987) found to be the equilibrium sediment transport rate upstream of the trench. It is furthermore
stated that 75% of the sediment was transported in suspension (qsl = 0.015kg/s), and 25% as bed load
(qbl = 0.005kg/s). The experiment was conducted for 15 hours. Figure 5.2 shows the initial trench
geometry and position. However, it has to be taken into account for the comparison of experimental
and simulation results that the description of the experimental conditions and the result documentation
are partial incomplete. This particularly concerns intermediate and final bed level elevations as well as
hydraulic conditions in terms of effective bed roughness and energy line slope.

vm = 0.51 m/s

2.55 m

0.57 m

1.23 m

0.39 m
1:7 1:7 0.20 mz

x x = 0

Figure 5.2: Experimental model geometry (sketch not to scale) of migrating trench experiment conducted by van
Rijn (1987)

Following hydraulic theory, the Darcy-Weisbach friction coefficient is f ' 0.016, giving a shear velocity
of u∗ ' 0.23m/s (τb ' 0.52N/m2). Based on the application of the sediment total load approach of
van Rijn (1984a), the stated sediment transport mode proportions were verified. Therefore, vm, h and u∗
upstream of the trench were used as hydraulic target values for the numerical model.

The sediment bed including the trench is the initial geometry. The very smooth flume side walls were
assigned an equivalent sand-grain roughness of k = 0, whereas k = 2d90 following Bezzola (2017) was
applied for the sediment bed. Water density ρ and viscosity ν were set according to a given water
temperature of T = 15 ◦C. For the sediment, a density of ρs = 2650kg/m3, a porosity of P = 0.4 and an
angle of repose of γ = 35° were set. For sediment bed and feeding, uniform material d = d50 = 160µm
was used. The critical Shields parameter was calculated from u∗, d and ν and accordingly set to Θcr =

0.0427. Sediment at a rate of Cs,g = 0.02kg/s was fed at the inlet boundary of the simulation domain over
the entire simulation duration of T = 15h. The bed load transport approach of van Rijn (1984b) as given
in Eq. (5.8) was used, being appropriate for the present particle size. Based on the available information,
the bed load transport coefficient can be calculated by rearranging Eq. (5.8). It follows cbl = 0.07, which
was applied as initial value in the simulation. Since no information on the entrainment coefficient ce is
available with respect to the experiment, ce was used as model calibration parameter. It was iteratively
varied to achieve the best agreement between measured and simulated bed elevation profile.

The size of the computational cells was set to 0.125m and 0.025m in x- and z-direction, respectively. In
y-direction (transverse), only one cell was used, because the present migration of a trench in a flume can
be considered as a 2D process. This amounts to ca. 10 000 cells in total. To also check the sensitivity of
the numerical mesh resolution, additional simulations with halved and doubled cell numbers separately
for the x- and z-directions were performed.
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5.3.2 Results

With regard to the result evaluation and interpretation, it is important to emphasize that the numerical
model featured simplifications in comparison to the physical experiment. Only one sediment fraction
instead of a sediment mixture was used. The model did not consider probable pre-moistened and slightly
consolidated bed material. Van Rijn (1987) states development of small-scale bed forms upstream of
the trench during the experiment. Following Karim (1995), the given conditions (F∼= 0.26, h = 0.39 m,
d50 = 160µm) apply to a lower bed regime, which indeed speaks for presence of ripples or dunes. This
was not considered in the numerical model. Thus, all influences which were neglected due to the above
simplifications need to be covered by a calibration parameter, namely the entrainment coefficient ce.

Figure 5.3 shows the calculated bed level elevation for the trench region at different simulation times
in comparison with the measured bed level elevation after 15 h of the experiment. To emphasize the
sensitivity of the entrainment coefficient as calibration parameter, the results for three investigated en-
trainment coefficients are exemplarily shown. In the physical experiment, the trench is subject to two
main changes: (i) downstream shift (migration) and (ii) bed level rise. Both of these processes are clearly
reproduced by the numerical model, but with varying characteristic depending on the chosen entrainment
coefficient. In the scope of the present investigation, highest agreement to the final state in the physical
experiment was found for ce = 0.00425 (Figure 5.3, b).
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Figure 5.3: Calculated bed level elevations in the trench region after 0, 10, 12.5 and 15 hours simulation time in
comparison with measured bed level elevation at the final state (van Rijn, 1987) applying entrainment coefficients
of (a) ce = 0.003 (b) ce = 0.00425 and (c) ce = 0.0055 in the numerical model

In the present case, the mesh sensitivity simulations demonstrate a distinct dependency of the sediment
transport model on the mesh resolution (Figure 5.4). The dependency is significantly higher for the mesh
resolution in z-direction. With identical sediment transport model parameter setup as described above,
markedly differing results were obtained compared to the simulation with the original mesh. Regarding
the modeling procedure it follows that the mesh resolution has to be determined prior to the sediment
transport simulations. The sediment transport model parameters then have to be calibrated based on
reference data. Thus, model calibration is mesh-dependent.
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Figure 5.4: Calculated bed level elevations in the trench region after 15 hours simulation time in comparison with
measured bed level elevation at the final state (van Rijn, 1987) for doubled (24, black line) and halved (0.54, grey
line) cell size in (a) x-direction and (b) z-direction applying Θcr = 0.0427, ce = 0.00425 and cbl = 0.07

Altogether, it can be concluded that it is difficult to find a parameter set which enables exact agreement of
sediment transport experimental results and simulation results. This is either caused by model shortcom-
ings, or due to insufficient experimental data – or due to a combination of both of it. In the present case of
the migrating trench simulation a limited agreement of experimental and simulation results was obtained.
However, sensitivity of the sediment transport model to the model parameters and mesh resolution was
clearly shown.

5.4 Modeling of tranquilizing racks

5.4.1 Introduction and concept description

Like the investigated facilities, most of the existing desanding facilities are equipped with several rows of
tranquilizing racks (Section 2.3.6.1) in the transition zone upstream of the settling basin. Since racks are
expected to significantly influence the basin flow field, they have to be included in the simulations. Inves-
tigations of for example Hermann and Hollenstein (1998) or VAW (1999) also involving high-resolution
numerical simulations show that complex flow patterns and vortex structures can occur within and down-
stream of tranquilizing racks, inducing significant flow velocity and pressure gradients. Resolving the
hydraulic features being associated with the racks requires extremely small cell sizes, resulting in very
large cell numbers and significantly increased simulation times.

In the light of this restriction, resolving all flow features at tranquilizing racks is not possible within the
present investigation due to their overall dimensions and required number of computational cells. Fur-
thermore, the rack bars at the investigated facilities have a quite filigree V-shaped geometry (Figure 5.5),
which additionally requires very small cells for discretization.
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(a) (b) (c)

Figure 5.5: Detail of the tranquilizing racks at (a) Moerel, (b) Saas Balen and (c) Wysswasser facilities; view into
flow direction

In order to take the effect of tranquilizing racks into account, a simplified approach is followed. The idea
is to model the effects of racks on flow with acceptable computational expense rather than to consider
them with their original rack bar geometry. For this purpose, a concept presented by Waldy et al. (2015)
is applied and extended, using so-called baffles in FLOW-3D. Baffles are planar objects without extent in
the third dimension. They are always aligned with grid lines of the computational mesh. They are either
used for recording discharge, sediment flux etc. (simulation monitoring), or assigned a porosity P and/
or loss coefficients ζ . In the latter case, baffles represent objects in the domain, thus influencing flow.
When P = 0, baffles fully block the flow, whereas P = 1 means unrestricted permeability. The pressure
drop4p across a baffle is calculated as (FLOW Science, 2016):

4p = ρw

(
ζl v+

1
2

ζq v2

)
[N/m2] (5.15)

where ζl = linear baffle loss coefficient [m/s]; ζq = quadratic loss coefficient [−]. Waldy et al. (2015)
show that energy head loss 4he and water surface elevation drop 4WSE caused by rack structures can
precisely be modeled by means of using fully permeable baffles having a certain quadratic loss coefficient
ζq and covering the whole flow cross section. They set up a test case with a baffle representing a rack
and determined 4he following the well-known and widely applied approach of Meusburger (2002) to
compare with simulation results:

4he = ζr

v2
0

2g
[m] (5.16)

where ζr = total rack loss coefficient [−]; v0 = undisturbed approach flow velocity towards the rack
structure [m/s]. Besides (i) the degree of flow area restriction due to the rack structure, (ii) approach flow
conditions towards the rack structure, and (iii) jamming of the rack structure due to floating debris and
sediments, the shape of the rack bars is considered for the calculation of ζr and thus 4he. To account
for different rack bar geometries, shape factors ζ

β
proposed by Kirschmer (1925) are applied. Assuming

4he≈4WSE, P= 1 and ζl = 0, Waldy et al. (2015) demonstrate that the quadratic baffle loss coefficient
ζq corresponds to the total rack loss coefficient ζr.
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However, for the present research project representation of 4he and 4WSE in the numerical model is
irrelevant. Instead, representing local flow contraction and redirection caused by tranquilizing racks is
of major importance. To efficiently incorporate these flow features in the numerical simulations, the
subsequent procedure was developed (Figure 5.6):

1. The individual rack bars are implemented by means of one impermeable (P = 0) baffle each,
acting as flow obstacles. The width of the baffle corresponds to actual rack bar width s. The
distance between the baffles corresponds to the actual rack bar clear distance a. The ratio s/a thus
corresponds to actual prototype conditions.

2. At the orographic left and orographic right side of each baffle rack bar, two additional baffles
(henceforward denoted as baffle wings) with P = 1 (unrestricted permeability) are attached. Baffle
wings are on the one hand used to account for the effect of different rack bar shapes onto energy
head loss4he and water surface elevation difference4WSE. On the other hand, they are used to
model the flow contraction between rack bars, which in nature is significantly controlled by bar
geometry (Tsikata et al., 2014).

3. The baffle wing width b is less than a/2 to not cover the whole flow area between two bars. As
a quantification measure, the blockage ratio of the rack bar clear distance due to the baffle wings
defined as 2b/a is used.

4. The quadratic baffle loss coefficient ζq is applied for the baffle wings to facilitate calculation of
energy head loss4he and water surface elevation drop4WSE, if required.
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Figure 5.6: Modeling the tranquilizing racks by means of discrete baffle rack bars and attached baffle wings: (a)
rack bar prototype geometry and (b) rack bar modeling approach

To determine correlations between the parameters described above and to quantify their effect onto the
flow field, different rack setups were modeled in a rectangular channel. Undisturbed approach flow
conditions were h = 0.50mand vm ' 0.95 m/s. Cases with 25, 17, 13, 11 and 8 baffle rack bars with
s = 0.02mwere investigated, giving s/a = 1, 0.50, 0.33, 0.25 and 0.20. First, no baffle wings were
considered. Secondly, for the case with 17 baffle rack bars, baffle wings in accordance with Figure 5.6
(b) were added. Setups with 2b/a = 0.25, 0.50 and 0.75 and ζq = 0.25, 0.50, 0.75, 1.0 and 3.0 were
investigated. For all simulations,4he and4WSE were analyzed.

5.4.2 Baffle rack bars without baffle wings

In the simulations, the approach flow towards the rack structure is head-on and horizontal and no jamming
is considered. In suchlike cases, the loss coefficient ζr used in Eq. (5.16) is exclusively dependent on the
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degree of flow area restriction due to the rack structure (controlled by rack bar width and rack bar clear
distance) and the shape factor ζ

β
(Kirschmer, 1925), yielding:

ζr = ζ
β

( s
a

) 3
2

[–] (5.17)

Combining Eqs. (5.16) and (5.17) allows for theoretical estimation of the shape factor ζ
β

for baffle rack
bars from calculated head loss 4he in the simulations. Figure 5.7 (a) shows a distinct linear correlation
between s/a and4he, the theoretical shape factor is summarized in Figure 5.7 (b).
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Figure 5.7: (a) Correlation between s/a ratio (with s = 0.02 m = const.) and energy head loss 4he from simulation
results with solid line representing linear regression line and (b) theoretical shape factor ζ

β

Inspecting the findings of Kirschmer (1925), shape factors are in a range of 0.76 ≤ ζ
β
≤ 2.42 for his

investigated rack bar geometries. For rectangular bars of width s and depth db = 2.5, 5, 7.5 and 10 times
the bar width, a constant shape factor of ζ

β
= 2.42 was found. From this, two conclusions for the present

research project can be drawn:

� Although modeling rack bars by the proposed concept means neglecting bar depth (baffles are
aligned with grid lines), this is assumed to have little to no influence on calculated head loss. This
can be justified with reference to the findings of Kirschmer (1925), stating a constant shape factor
independent of bar depth for rectangular bars of identical width.

� The experimentally determined shape factors are not one-to-one applicable for modeling rack bars
by means of baffles. Shape factors calculated based on the simulation results are significantly
lower compared to theoretical values. Nevertheless, the range of 0.99 ≤ ζ

β
≤ 1.14 determined in

the simulations represents a rather constant value of ζ
β

around 1, especially when neglecting the
simulation with 25 rack bars, yielding ζ

β
= 1.14 which distinctly deviates from the values found

for the cases with 17, 13, 11 and 8 rack bars.

Besides evaluating head loss, the flow pattern between the baffle rack bars was analyzed. For this pur-
pose, calculated longitudinal flow velocity values between two rack bars in the channel middle axis at
half of the flow depth are illustrated in Figure 5.8. Constant flow velocity in the computational cells
in transverse direction between the two rack bars instead of a gradual increase towards the center (as
expected at a flow contraction) can be identified.
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Figure 5.8: Longitudinal flow velocity distribution between baffle rack bars without baffle wings

5.4.3 Baffle rack bars including baffle wings

With regard to the procedure mentioned above, Figure 5.9 shows a linear correlation between ζq and4he

for the investigated blockage ratios 2b/a = 0.25, 0.50 and 0.75 for 0.25 ≤ ζq ≤ 1.0. Simulations with
ζq = 3.0 indicate that the found linear correlations cannot be arbitrarily extended to higher values of ζq.
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Figure 5.9: Correlation between loss coefficient ζq and energy head loss4he for different blockage ratios 2b/a from
simulation results with 17 baffle rack bars and attached baffle wings; solid lines representing the linear regression
lines; dashed lines indicating limited application range of linear correlation

Checking the flow pattern comprised again two steps. First, simulations with 2b/a =0.25, 0.50 and 0.75
at a constant loss coefficient ζq = 1.0 were performed. Resulting flow patterns are shown in Figure 5.10,
revealing distinct differences. Simulation results of the three blockage ratios were checked against find-
ings of Tsikata et al. (2014), who performed comprehensive laboratory flow field measurements at rack
bars. In the scope of their investigation, particle image velocimetry measurements between rack bars with
different geometries were conducted. Figure 5.11 shows their measurement results for (a) rectangular
rack bars with db = 0.076m, s = 0.012m and a = 0.058m and (b) streamlined bars, respectively.
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Figure 5.10: Flow contraction between baffle rack bars subject to the baffle wings blockage ratio 2b/a for quadratic
loss coefficient ζq = 1.0 = const.
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Figure 5.11: Contour plots of flow velocity distribution between (a) rectangular rack bars db = 0.076 m, s = 0.012 m
and a = 0.058 m (dashed line showing approximated flow contraction shape) and (b) streamlined rack bars, each
normalized with approach flow velocity, determined based on particle image velocimetry measurements (modified
from Tsikata et al., 2014); flow from left to right; vertical discontinuity in contour lines origin from original plot

Comparing Figure 5.10 with the measurement results shown in Figure 5.11 (a) demonstrates that apply-
ing 2b/a = 0.25 yields simulation results that are qualitatively close to the available laboratory data. The
overall shape of calculated flow contraction is very similar to experimental findings. On the other hand,
2b/a = 0.50 and 0.75 result in rather unrealistic contraction patterns.

Secondly, for 2b/a = 0.25 = const. the loss coefficient ζq was varied to evaluate the influence on the
contraction pattern and to further enhance agreement with experiments. For ζq = 0.2, 1.0 and 3.0 the
calculated flow patterns are shown in Figure 5.12. While values ζq < 1.0 seem to reduce the similarity to
experimental findings (cf. Tsikata et al., 2014), using ζq = 3.0 enhances similarity. For 2b/a = 0.25 and
ζq = 3.0, the calculated contraction pattern matches the experimentally determined contraction pattern
very well.
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Figure 5.12: Flow contraction between baffle rack bars subject to the baffle wings quadratic loss coefficient ζq for
blockage ratio 2b/a = 0.25 = const.

5.4.4 Modeling procedure

Using baffles to model tranquilizing racks of desanding facilities became apparent to be a promising
opportunity to reproduce the evoked head loss and influence on the flow field in terms of flow contraction
and deflection at rack bars. It could be shown that several parameters exist to control the governing
hydraulic conditions. It is concluded that the following procedure can be applied to incorporate a rack
structure in a FLOW-3D simulation (cf. Figure 5.13):

1. Implementation of baffle rack bars (P = 0) with bar width s and clear distance a according to
prototype dimensions.

2. Pre-simulation run to determine the resulting basic head loss 4he,0 (and/or basic water surface
elevation drop 4WSE0) due to the rack structure. If 4he,0 (4WSE0) equals the desired value,
the procedure is completed. If 4he,0 (4WSE0) is smaller than desired, proceed with step 3(a),
otherwise proceed with step 3(b).

3. (a) Implementation of baffle wings (P = 1, ζq, 2b/a) to increase 4he (4WSE). Determination
of the appropriate value for ζq by an iterative simulation process. Baffle wings blockage ratio
2b/a≤ 0.25 recommended to obtain meaningful flow contraction pattern.
(b) Reduction of baffle bar width s to sred to decrease s/a ratio and hence 4he (4WSE) to the
desired value.
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Figure 5.13: Scheme of modeling the head loss and effect onto the flow field caused by the bars of tranquilizing
racks by means of utilizing baffles with different properties

With regard to desanding facilities, tranquilizing rack bars with geometries significantly less streamlined
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(e.g. V-shaped) than the geometries investigated by for example Kirschmer (1925) or Meusburger (2002)
are used. Therefore, head loss most likely has to be increased by using baffle wings attached to plain
baffle rack bars. It has to be pointed out that the presented method requires calibration of baffle wing
parameters for each investigated problem and employed parameters are thus not universal.

5.5 Simulation of desanding facilities

5.5.1 Flow field simulation

The original facility geometries were used for the numerical models. For the discretization of the compu-
tational domain, ca. 0.9× 106 and ca. 1.2× 106 cells were used for Saas Balen and Wysswasser facilities,
respectively. The spatial cell size distribution (4x, 4y and 4z) for transition zone (with tranquilizing
racks) and basin is presented in Table 5.2.

Table 5.2: Grid size (4x, 4y and 4z) and required computation time TCPU for the simulation of Saas Balen and
Wysswasser facilities, respectively

Facility Transition zone Basin

4x 4y 4z 4x 4y 4z

[–] [m] [m] [m] [m] [m] [m]

Saas Balen 0.10 0.01÷0.17 0.01÷0.12 0.11 0.11 0.11

Wysswasser 0.05 0.01÷0.08 0.02÷0.08 0.10 0.03÷0.17 0.10

Towards side walls and bed, the cell size was continuously decreased, facilitating the logarithmic ve-
locity distribution in the wall boundary layer. In the transition zone with the tranquilizing racks, the
mesh resolution was generally increased to capture the significant vortex structures and flow contraction
patterns.

For the model boundary conditions, water surface elevation was provided at the outlet weir, coinciding
with the downstream end of the computational domain. At the upstream side, the multiple mesh block
option was utilized to recreate the measured flow velocity distribution in the inlet channel cross section
(cf. Figures 4.4 and 4.8). Therefore, each flow velocity measurement point of the inlet channel cross
section is assigned to one mesh block (henceforward denoted mesh sub-block) composed of one single
cell. The measured averaged flow velocities vx, as well as TKE kt and its dissipation rate εt as calculated
from the measurements were preset at the upstream boundary of each mesh sub-block. The product of vx

and the area of the y-z-face gives the sub-discharge Q∗ at each mesh sub-block. Because measurements
in the inlet channel do not cover the whole flow area (similar to basin measurement grids as shown
in Section 3.5), vx has been estimated by extrapolation at the mesh sub-blocks next to side walls and
bed. To obtain the correct total discharge Q (as the sum of all sub-discharges) according to records
of the operators, this process was conducted iteratively. Figure 5.14 shows resulting contour plots of
normalized velocity at Saas Balen and Wysswasser facilities.
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Figure 5.14: Contour plots of normalized flow velocity (local velocity vx / velocity magnitude v) at (a) Saas Balen
facility for x = –11.9 m (cf. Figure 4.4) and (b) Wysswasser facility for x = –4.0 m (cf. Figure 4.8); view into flow
direction

To model the tranquilizing racks, the approach described in Section 5.4 was followed. For Saas Balen
facility, three rows of rack bars with s = 5cm and a = 4.5cm were included. For Wysswasser facility,
s = 6cm and the bar spacing decreases from a = 18cm (first row), to a = 14cm (second row) and finally
to a = 10cm (third row). The appropriate baffle wing width was found to be b = 1.5cm at Saas Balen
facility and b = 4cm at Wysswasser facility. For water temperature, mean recorded values were used,
giving Tw = 12.2 ◦C for Saas Balen facility and Tw = 2.8 ◦C for Wysswasser facility. Water density and
viscosity were derived from temperature and set accordingly.

Baffle wings quadratic loss coefficient ζq and surface roughness k of facility side walls and bed were used
as calibration parameters to optimize agreement of measurement data and simulation results. Simulations
were stopped as soon as a stable steady state situation had developed, which is after around 300÷500s
simulation time. Steady state is defined as the stage where (a) volume flow rates entering and leaving
the domain are equal and (b) mass-averaged mean kinetic energy for all fluid in the domain reached a
constant level.

5.5.2 Results and evaluation of flow field

Simulation goodness was rated based on the global relative error ε comparing measured (vi,ms) and sim-
ulated flow velocities (vi,sim), with i = x, y, z. Referring to Vanzo et al. (2016), the global relative error is
defined as:

ε =

√
∑n (χn− χ̃n)

2√
∑n (χ̃n)

2
[–] (5.18)

where χ = computed value of parameter of interest; χ̃ reference value of parameter of interest; n =

sequence number. For the present evaluation, χ = vi,sim, χ̃ = vi,ms and n = number of individual measure-
ment points (cf. Section 3.5). Here, it is important to highlight again that only the basin section covered
by measurement data are used as basis for comparison for the following evaluations (cf. Section 3.5). An
overall value, but also cross sectional values for ε were derived. The smaller ε , the higher the agreement
of simulated and measured value. With respect to the simulation result evaluation, the global relative
error of vx was first priority, since vx represents the main flow velocity component in the basin.

For the simulation results with smallest error, Figures 5.15 and 5.16 show selected contour plots of vx

comparing measurement and simulation data for both investigated facilities. The global relative error is
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εvx
= 0.29 for Saas Balen facility and εvx

= 0.28 for Wysswasser facility. Figure 5.17 depicts a cross sec-
tional comparison of measured and simulated mean longitudinal flow velocity vx,m in the basin section in
comparison to vx,m = Q/A. Figure 5.18 provides a cross sectional comparison of measured and simulated
mean TKE kt,m.
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Figure 5.15: Contour plots (cross sections, longitudinal section, horizontal section) of (a) measured and (b) simu-
lated flow velocity component vx and corresponding cross sectional global relative error εvx

for Saas Balen facility
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Figure 5.18: Comparison of measured (black,  ) and simulated (grey, �) cross sectional kt,m at Saas Balen and
Wysswasser facilities

When assessing the global relative error εvx
, moderate agreement can be identified at both simulated

facilities at a first glance. Evaluating εvx
is a small-scale view, since discrete point locations are used

as basis for comparison. However, recorded basin flow fields at Saas Balen and Wysswasser facilities
exhibit a significant influence from the tranquilizing racks structure. This finds its expression in local
acceleration and retardation of flow, whose effect persists in large parts of the basin, resulting in large-
scale basin flow features.

Focusing on large-scale flow features, convincing agreement between measurements and simulation is
found. At both facilities, flow acceleration in gaps between racks and wall boundaries (esp. X = 0.00 at
Saas Balen facility) as well as flow retardation downstream of the racks (esp. X = 0.20 at Wysswasser
facility) are reproduced by the model. The remarkable jet-like flow pattern along the basin at Wysswasser
facility is distinctly present in the simulation results. It can be concluded that the proposed approach
to model tranquilizing racks (cf. Section 5.4) is capable to capture the main influences of the rack
structure on the downstream flow field. This is further verified when taking the global relative error for
corresponding simulations without racks into account, which was found to be εvx

= 1.45 and 1.51 at
Saas Balen and Wysswasser facilities, respectively. Furthermore, the effort to replicate the inlet channel
approach flow velocity profile (Figure 5.14) to use it as upstream boundary condition pays off: when a
regular discharge boundary condition was applied instead, εvx

= 0.43 (compared to 0.29) for Saas Balen
facility and εvx

= 0.41 (compared to 0.28) for Wysswasser facility were obtained.

Mean calculated cross sectional values of longitudinal flow velocity vx,m agree generally well with mea-
surements at both simulated facilities (Figure 5.17). Here, deviations may arise because mean discharge
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during the measurements was used as constant simulation discharge Qsim = Qm. Although recorded dis-
charge was quite steady, small fluctuations are likely, what may lead to a certain deviation of simulation
and measurement in cases where Q 6=Qm applies. Furthermore, following the operators, for the discharge
measurements an uncertainty of ca. ±10% exists. Deviation from vx,m calculated from continuity most
likely appears because measurements did not cover the whole cross sectional flow area.

With regard to cross sectional kt,m along the basin (Figure 5.18), two features can be identified. First,
simulated kt,m at both facilities is generally lower than measured. Secondly, the difference is larger in
about the first half of the basin and becomes smaller in the second half. The latter is entirely consistent
for Saas Balen facility and very good agreement is found for 0.5 < X < 1, whilst at Wysswasser facility
the difference increases strongly towards the basin end. For 0 ≤ X < 0.5, it is likely that in-situ TKE is
increased because of approach flow turbulence and vortex structures induced by the tranquilizing racks.
This is not captured by the applied simplified rack modeling method.

5.5.3 Sediment transport simulation

To check the sediment transport model based on the measurement data, three data sets of inlet channel
SSC and PSD and outlet SSC from Saas Balen and Wysswasser facilities were selected. For Saas Balen
facility, SSC data recorded on 07/14/2015, at 16:00 (= t1), 20:15 (= t2) and 18:15 (= t3) and correspond-
ing PSD curves were used. For Wysswasser facility, data recorded on 08/04/2015, at 10:00 (= t1), 13:00
(= t2) and 16:00 (= t3) were employed. All investigated times represent more or less pronounced peaks
in inlet SSC day records. Present SSC in inlet channel and outlet and trapping efficiency ηc at times
t1-t3 are summarized in Table 5.3. Since only a moderately reliable correlation to estimate outlet SSC at
Wysswasser facility (cf. Figure 4.2) is available, sediment flux data at X = 0.97 recorded on 08/04/2015
between 09:45 and 13:00 was used to estimate the trapping efficiency. This results in ηc = 0.16, what
was used as rough reference value for the comparison of measurements and simulations.

Table 5.3: Summarized SSC data in the inlet channel and outlet and resulting concentration-related trapping effi-
ciency at Saas Balen and Wysswasser facilities (measurement data)

Facility Time ID SSCin SSCout ηc

[–] [–] [–] [g/l] [g/l] [–]

Saas Balen t1 SB-t1 0.34 0.08 0.76

Saas Balen t2 SB-t2 2.26 0.67 0.70

Saas Balen t3 SB-t3 1.10 0.25 0.77

Wysswasser t1 WW-t1 0.62 – 0.16∗

Wysswasser t2 WW-t2 0.98 – 0.16∗

Wysswasser t3 WW-t3 0.40 – 0.16∗

∗ estimated based on sediment flux measurement data at X = 0.97

For the numerical model, recorded inlet channel PSD curves were discretized using seven particle frac-
tions following the method described in Parker (2004). Resulting diameters and volume fractions are
presented in Figures 5.19 (Saas Balen) and 5.20 (Wysswasser). Present particle sizes cover the silt and
clay (M&C), fine sand (fS) and medium sand (mS) range. The discretized PSD curves were added with
inlet channel SSC according to times t1, t2 and t3, respectively (Table 5.3). It is pointed to the fact
that the implemented particle settling model approach is not valid for particles in the silt and clay size
range, since cohesive effects are not considered (Soulsby, 1997). However, particles with d < 60µm
were found to anyway not deposit under the flow conditions and geometries being characteristic for the
present research project (cf. Section 6.3.3), thus being not relevant for the obtained results.



106

Fi
ne

r b
y 

vo
lu

m
e 

[%
]

Particle diameter d [μm]

1 10 100 1000

100

80

60

40

20

0

SB-t1
SB-t2
SB-t3

(a)

Fi
ne

r b
y 

vo
lu

m
e 

[%
]

Particle diameter di [μm] 

220

100

80

60

40

20

0

SB-t1
SB-t2
SB-t3

(b)

55987341452

Figure 5.19: (a) Measured inlet channel PSD curves at times t1-t3 at Saas Balen facility and (b) their discretization
based on seven grain size classes with diameters di (dots) for use in the sediment transport simulation
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Figure 5.20: (a) Measured inlet channel PSD curves at times t1-t3 at Wysswasser facility and (b) their discretization
based on seven grain size classes with diameters di (dots) for use in the sediment transport simulation

Moreover, the minimum deposable particle diameter (in other words: critical limit particle size dcr) was
determined by a separate simulation to compare with measurement data. For this purpose, particles with
d = 1000, 800, 600, 400, 300, 200 and 100µm were added with concentration of Cs,g = 1g/l each. During
the measurement campaign, no particles larger than d = 700÷800µm (Saas Balen) and d = 350÷400µm
(Wysswasser), respectively, were detected in the inlet channel (cf. Table 4.3).

As a basis for sediment transport simulations, the steady state solution of the flow simulation was
used. According to basic assumptions, sediment was added homogeneously distributed over the whole
flow area at the upstream boundary of the computational domain. The sediment density was set to
ρs = 2810kg/m3 (Saas Balen) and ρs = 2730kg/m3 (Wysswasser), respectively (cf. Table 3.8). For each
situation, the actual recorded water temperature and thus density and viscosity was taken into account.
The simulation time was set to T = 1800s, which was found to be sufficient to obtain a stable equilibrium
sediment transport situation. The bed load transport coefficient cbl and entrainment coefficient ce of the
sediment transport model were set according to the findings from the migrating trench validation simu-
lations (cf. Section 5.3). However, an additional test simulation of Saas Balen t1 with tenfold increase
of cbl and ce yielded quasi identical suspended sediment concentrations at the cross sections of interest.
This clearly indicates the subordinate importance of basin bed load transport in the performed desanding
facility simulations.
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5.5.4 Results and evaluation of sediment transport

The results of simulations SB-t1, SB-t2, SB-t3, WW-t1, WW-t2 and WW-t3 were compared to the find-
ings from the measurement campaign regarding PSD, SSC and resulting ηc. For Saas Balen facility, this
was done based on the outlet cross section above the weir crest. For Wysswasser facility, in analogy to
Section 4.7, the last basin measurement cross section at X = 0.97 was used for comparison. Simulation
results are presented in Table 5.4 (Saas Balen) and 5.5 (Wysswasser). Figure 5.21 shows a comparison
of average measured outlet PSD curve and average outlet PSD curve from simulation results for t1-t3 for
both facilities. For all performed simulations, maintenance of mass conservation in the simulation do-
main was checked by drawing the balance regarding entering, leaving, suspended and deposited sediment
masses. Mass balance discrepancy amounts to about 1÷2%in the conducted simulation.

Table 5.4: PSD and resulting trapping efficiency at the outlet section in the sediment transport model validation
simulations t1-t3 for Saas Balen facility. Bold numbers indicate percentage change compared to inlet PSD

ID SSC [%] of particle diameter d [µm]∗ SSC∗ ηc
∗

[–] 559 220 87 34 14 5 2 [g/l] [–]

SB-t1 0.0
–0.1

0.0
–11.1

13.3
–5.3

25.3
+3.9

40.9
+8.3

17.5
+3.7

3.0
+0.6

0.27 0.21

SB-t2 0.0
–5.3

0.0
–24.8

21.4
–3.7

26.3
+10.1

32.5
+14.6

16.4
+7.5

3.4
+1.6

1.17 0.48

SB-t3 0.0
–12.7

0.1
–33.3

25.9
+4.4

31.6
+17.0

25.8
+14.9

14.0
+8.2

2.6
+1.5

0.45 0.59

∗ at outlet cross section above weir crest

Table 5.5: PSD and resulting trapping efficiency at X = 0.97 in the sediment transport model validation simulations
t1-t3 for Wysswasser facility. Bold numbers indicate percentage change compared to inlet PSD

ID SSC [%] of particle diameter d [µm]∗ SSC∗ ηc
∗

[–] 255 106 44 19 8 3 1 [g/l] [–]

WW-t1 1.4
–2.3

12.9
–1.3

20.9
+0.5

27.6
+1.3

26.2
+1.3

8.8
+0.4

2.2
+0.1

0.59 0.05

WW-t2 2.8
–5.0

35.9
–1.1

27.5
+2.7

15.8
+1.6

12.0
+1.2

4.5
+0.4

1.5
+0.2

0.88 0.10

WW-t3 4.2
–6.7

27.1
–0.8

21.2
+2.0

20.9
+2.3

18.1
+2.1

6.5
+0.8

2.0
+0.3

0.35 0.12

∗ at last basin measurement cross section X = 0.97
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Figure 5.21: Comparison of (a) average measured outlet PSD curve (dashed line) and average outlet PSD curve
from simulations t1-t3 (solid line) at Saas Balen facility and (b) average measured PSD curve at X = 0.97 (dashed
line) and average PSD curve at X = 0.97 from simulations t1-t3 (solid line) at Wysswasser facility

The resulting ηc is for all cases lower in comparison to the measurement campaign (Table 5.3). Whilst
for simulation SB-t1 the deviation is very large, it is smaller for SB-t2, SB-t3 and WW-t1. For WW-t2
and WW-t3, simulation results are distinctly closer to the measurements. When inlet channel PSDs are
checked against resulting ηc, it is striking that agreement of measured and simulated value becomes the
better the lower the amount of particles d ≤ 34µm at Saas Balen facility and d ≤ µm µm at Wysswasser
facility in PSD is (except for simulation WW-t3).

To gain further insights, a subsequent test for simulations SB-t2 and WW-t2 was performed: instead of
adding the sediment homogeneously distributed over the whole flow area, sediment is added exclusively
in the lowest third in the approach flow in the style of a Rouse-like concentration profile. As a conse-
quence, the trapping efficiencies increase to ηc = 0.59 (before: 0.48) and 0.17 (before: 0.10) for SB-t2
and WW-t2, respectively.

With respect to the lower trapping efficiencies in the simulations, a further, but practical aspect linked
to the tranquilizing racks has to be considered. In-situ, racks locally hinder the sediment-laden flow.
Hereby, sediment particles can collide with rack bars, depending on particle inertia. This results in de-
celeration of particle speed or/ and deflection of the particle movement trajectory. As a consequence
from both aspects, particles can deposit earlier, eventually already within the transition zone in between
the rack structure. Following from this, trapping efficiency increases. This interaction of particles and
rack bars is not considered in the numerical model, possibly leading to smaller calculated trapping effi-
ciencies.

Evaluating PSD, simulations of both facilities show a particle size refinement for all investigation times.
This is expressed in a reduced fraction of coarser particles and an increased fraction of finer particles
in the PSD at the weir crest (Saas Balen) and last basin measurement cross section (Wysswasser), re-
spectively. For both facilities, the PSD obtained in the simulations matches the measured PSD in the
investigated reference cross sections very well (Figure 5.21).

Table 5.6 shows the simulation results to determine the minimum deposable particle diameter dmin and
theoretical ηc. For each investigated particle diameter its absolute fraction in the outlet concentration
SSCout is stated. A value above zero indicates occurrence in the outlet. For Saas Balen facility, 200 ≤
dmin ≤ 300µm was found, whereas at Wysswasser facility, 400 ≤ dmin ≤ 600µm was identified. If the
values for Wysswasser facility are analyzed more precisely, it can be seen that only 2.8% of the particles
in the outlet show d = 400µm, thus allowing the conclusion that the occurring minimum particle size is
more likely in the range of 300≤ dmin ≤ 400µm. These results as well as results from simulations SB-t1
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to t3 and WW-t1 to t3 roughly agree with the findings from the measurement campaign (Table 4.3), which
yielded d = 350÷400µm (Saas Balen) and d = 250÷300µm (Wysswasser), respectively, as maximum
occurring diameter in the outlet.

Table 5.6: PSD at the outlet section for the sediment transport model validation simulations to determine minimum
deposable sediment diameter

Facility SSCout SSCout [%] of particle diameter d [µm] ηc

[–] [g/l] 1000 800 600 400 300 200 100 [–]

Saas Balen 0.38 0.0 0.0 0.0 0.0 0.0 10.5 89.5 0.95

Wysswasser 1.63 0.0 0.0 0.0 2.8 11.7 32.1 53.3 0.77

5.6 Discussion and conclusions

Several types of simulations were conducted to improve and validate the numerical model with regard
to flow and sediment transport calculation. Model capabilities, but also limitations and uncertainties
could be identified. The model calibration and validation process revealed the major importance of high
measurement data quality and quantity. Overall, convincing performance was found and the model is
considered as reliable and meaningful with regard to the parameter study.

Simulation of the migrating trench experiment (van Rijn, 1987) showed that the sediment transport model
is capable to reproduce a complex sediment transport situation comprising bed load and suspended load
transport. In the scope of the migrating trench simulations the high sediment transport model sensitivity
to the various model parameters such as for example bed load coefficient and entrainment coefficient was
demonstrated. Although multiple sediment fractions, possible pre-moistened as well as slightly consoli-
dated bed material and evolution and presence of ripples and dunes as described by van Rijn (1987) were
not directly considered in the simulation, their effect on sediment transport could be approximated by
adjustment of the entrainment coefficient. Supplemental mesh sensitivity tests showed the importance of
re-calibration of the sediment transport model parameters when changing mesh resolution.

Simulation of the prototype desanding facilities Saas Balen and Wysswasser showed that the software can
handle the present complex spatial free-surface flow situations. The required computation time for the
desanding facility simulations was about 12-24 hours, depending on the applied mesh resolution (domain
size, tranquilizing racks characteristics) and simulation type (flow field only, sediment transport). The
developed concept to incorporate tranquilizing racks in the simulations was shown to be appropriate.
Convincing agreement was found between measurement and simulation with regard to large-scale flow
features predominantly controlled by the racks. This is of major importance with regard to software
applicability since tranquilizing racks have a significant influence on the basin flow field. Furthermore
it was shown that replicating the approach flow velocity field favors the simulation accuracy. Both
replication of the approach flow velocity field and modeling of the tranquilizing racks are major factors
influencing the agreement of simulation results and measurement data in the basin reach. When assessing
the deviation between simulated and recorded basin flow velocity field, being expressed in the global
relative error, the following determining reasons were identified:

� Uncertainty of ±10% exists in the discharge measurements provided by the operators, possibly
leading to a deviation of true and simulated discharge.

� The used model allows for specification of only the vx component of the approach flow velocity
field. Information on transversal or vertical flow components in the approach flow is thus missing
in the simulations. Moreover, not the whole inlet channel cross section could be covered by ve-



110

locity measurements which introduces uncertainty respective the replicated approach flow velocity
field.

� Although an appropriate and efficient procedure was developed, the tranquilizing racks are mod-
eled by means of baffle rack bars and baffle wings. Due to this simplifying approach, a certain
deviation of calculated and measured flow field within the rack structure is expected.

� The simulation results are affected by the applied RNG k− ε turbulence model, that (as all tur-
bulence models) introduces certain simplifications with regard to the consideration of turbulent
eddies in the flow. Although the RNG k− ε turbulence model was found to be appropriate to
capture the large-scale flow features (see also VAW, 2015), small-scale turbulence structures that
are for example expected to particularly occur in the vicinity of the tranquilizing rack structures
cannot be resolved.

The sediment transport simulations of Saas Balen and Wysswasser facilities yielded patchy results. On
the one hand, comparison of measured and simulated PSD in a reference cross section (i.e. outlet for
Saas Balen facility and last basin cross section for Wysswasser facility) showed high agreement. On the
other hand, comparison of maximum occurring particle size in the outlet revealed that simulation results
only roughly assort with the measurements for both facilities. Agreement of trapping efficiencies derived
from simulations and measurements is rather low. Agreement was found to be improved if the inlet SSC
distribution in the flow cross section is modified. However, SSC and PSD measurement uncertainties as
described in Section 4.9 need to be taken into account. Moreover, the limited agreement of simulated
and recorded basin flow field likely finds its expression also in the sediment transport simulations.

The comparison of measurement data and simulation results moreover gives valuable insights with re-
spect to the conducted measurement campaign. The number of taken and investigated water samples in
the inlet and outlet of Wysswasser facility did not allow for finding an unreservedly reliable correlation
between turbidity and SSC, especially at the outlet. Furthermore, information on PSD is sparse. As a
consequence, the validation of sediment transport simulation results for Wysswasser facility is difficult.
For Saas Balen facility, however, a sound data basis exists, although an increased number of investigated
water samples would advance expressiveness. The particle size refinement process is well reproduced
by the model, which is distinctly expressed by the high accordance of average measured and calculated
outlet PSD. A general drawback with regard to model validation exists for both investigated facilities: no
data sets of simultaneously withdrawn water samples in the inlet channel and at the outlet of the facility
are available. This is why inlet PSD curves have to be compared to temporally averaged outlet PSD
curves, leading to uncertainties in the sediment transport model evaluation.

With reference to the model usage in the parameter study, the performed validation simulations yield
the following findings and implications. The model was shown to be capable of simulating complex 3D
flow and sediment transport processes related to the present field of desanding facility research. The
applied model configurations (e.g. boundary conditions, computational mesh resolutions, turbulence
model) and modeling concepts (e.g. tranquilizing racks implementation, approach flow field replication,
pre-simulations as restart basis) permit efficient simulations with a stable numerical solution. Although
certain deviations between measurement data and simulation results emerged, the essential features and
processes could be well reproduced and the software is regarded as validated for the targeted application.

The design recommendations aimed at should have a qualitative character, giving indications regarding
the overall dimensions and designing. For this purpose, the different geometric configurations investi-
gated in the parameter study are assessed based on a relative comparison among each other. Of course,
simulation results should be as reliable as possible. For these reasons, precedent model validation based
on measurement data was crucial for the present research project.
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6 Comparative parameter study

6.1 Introduction

Several design recommendations for elongated desanding facilities are available (cf. Section 2.3). Only
sparse research on approach flow conditions and transition zone design exists. Following the findings in
the measurement campaign, significant deviations from the targeted flow field can occur, even in cases
where current basin design recommendations such as L/W ≥ 8 and W/hm ≈ 0.8 are met. This can
directly result in decreased trapping efficiencies (cf. Chapter 4 and Ortmanns, 2006) and thus increased
hydro-abrasion. Due to this unsatisfactorily framework conditions for the facility design, the following
optimization incentives exist:

� improved estimation of required basin length to reach a specified trapping efficiency taking ap-
proach flow conditions and transition zone design into account

� evaluation of the influence of different cross sectional geometries (rectangular without and with
trapezoidal reach below) and of tranquilizing racks on flow field and trapping efficiency

� reduction of required facility dimensions to save construction costs without drawbacks regarding
performance

Some few investigations and recommendations regarding detailed realization of different desanding fa-
cility elements can be found in literature. These are for example implementation of a small hump in
the transition zone bed or bed superelevation at bent inlet channels. Although the overall aim of this
research project is to enhance the design of desanding facilities, the geometry should be kept as simple
as possible. Geometrically complex or filigree geometries and components are expensive to construct
with regard to time and money, thus making them less attractive for desanding facility operators. For
this reason, it is focused on more general geometrical design parameters. Parameter study investigation
parameters were selected based on the hypotheses and preliminary considerations stated in Section 1.2.
Figure 6.1 shows a schematic illustration of the relevant geometric parameters within the scope of the
present investigation.

It was the objective of the parameter study to identify existing correlations between the investigated
parameters (Section 6.3) and the selected quantities of interest with regard to flow field and sediment
transport (Section 6.5). The identified correlations should be used in the elaborated design guideline. To
systematically evaluate their specific influence, the investigation parameters were varied independently
of one another, where possible.



112

Inlet channel (in) Transition zone (tz) Basin (bs)

A

B B

Plan view (B-B), (a)

Sectional view (A-A)

α

β

r

WbsWin

ho

hbs

Ltz Lbs

A

Plan view (B-B), (b)

γ

A

A

90°

α

Figure 6.1: Schematic illustration of the relevant geometric desanding facility parameters; plan view of a configura-
tion with (a) bent inlet channel and (b) angled inlet channel

6.2 Desanding facility reference configuration

As a basis of comparison, a reference desanding facility geometry (version V0) with rectangular basin
cross section was defined based on the classical design approach (cf. Section 2.3.1) and existing design
recommendations for inlet channel and transition zone. Referring to Figure 6.1, the reference geometry
is defined as follows (corresponding theoretical basis with respect to Section 2.3 or explanation is stated
in parentheses):

� basin flow depth hbs = 5m (free choice; referring to investigated desanding facilities)

� basin width Wbs = 4m (Wbs/hbs ≈ 0.8)

� basin length Lbs = 32m (Lbs/Wbs ≥ 8)

� transition zone length Ltz = 10m (Ltz ≈ 2Wbs, Vischer and Huber, 2002); horizontal and vertical
expansion end at same streamwise position as illustrated in Figure 6.1

� inlet channel width Win = 2.0m (Win =Wbs−2 tan(α)Ltz)

� transition zone horizontal expansion angle α = 5.7° (meets suggestions of for example Lysne et al.,
2003 and Merkley, 2004)

� inlet channel approach flow depth ho = 1.5m(free choice; referring to investigated desanding facil-
ities)
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� transition zone vertical expansion angle β = 19.3° (β = arctan[(hbs− ho)/Ltz]; represents experi-
ence value)

� straight-lined inlet channel, hence γ = 180° and r = ∞

The transition zone length Ltz is defined as the distance required to completely change from inlet channel
cross section to basin cross section. This means that the horizontal and vertical expansions do not neces-
sarily end at the same streamwise position, which is of relevance for the parameter study simulations.

The basin bed longitudinal slope was set to Sb,bs = 0, which corresponds to for example Moerel and Saas
Balen facilities. To impound the flow at the downstream basin end, a circular-crested weir with radius
rw = 0.47m and with vertical front wall was implemented. This results in a weir overflow height of
hwo = 0.6m above the weir crest and a discharge coefficient of cw = 0.73. The mean longitudinal basin
flow velocity is limited to vx,bs,m = 0.2m/s (conservative approach, cf. Section 2.3.1). Thus, the facility
discharge becomes Q =Wbs hbs vx,bs,m = 4m3/s. Neglecting the (minor) head loss in the transition zone, it
results vo,m = 1.33m/s and Fo = 0.35 for the approach flow at the end of the inlet channel and beginning
of the transition zone.

A water temperature of Tw = 8 ◦C was chosen (ρw = 999.85kgm3 and µ = 1.39× 10−3 Pa s), which is
the mean value recorded at the three investigated facilities and is thus considered as a typical value in
Swiss Alpine waters in the sediment season. Moreover, recorded water temperatures are in agreement
with findings of Jakob (2010). For all fixed boundaries (i.e. side walls and bed) an equivalent sand-grain
roughness k = 0.005m was assumed, which corresponds to slightly worn out concrete without surface
finishing (Bollrich, 2013).

Following the classical design approach, the still water settling velocity ws,0 associated with the critical
limit particle size dcr for the given conditions is ws,0 = 4.3cm/s (4ws = 1.2cm/s, cf. Eqs. 2.10, 2.11 and
2.12). Applying the approach of Soulsby (1997) as implemented in the sediment transport model, the
corresponding critical limit particle size results in dcr = 330µm, that is consequently applied in the scope
of the parameter study. However, the determination of the still water settling velocity ws,0 for natural sand
particles is subject to uncertainties and various approaches to determine ws,0 exists (cf. Section 2.5.2.2). If
all seven presented approaches from Figure 2.17 are used to calculate dcr with ws,0 = 0.043m/s, the mean,
minimum and maximum value for the critical limit particle size becomes dcr = 361, 311 and 425µm,
respectively. Possible effects of particle concentration on the settling velocity (cf. Section 2.5.2.4) are not
considered for the calculation of ws,0. For the total particle concentration of Cs,g = 1.2g/l (=̂Cs,v = 4.53×
10−4) as applied in the parameter study (Section 6.3.3) the reduction of ws,0 for particles with 330µm
would be 0.2% following Richardson and Zaki (1954) and 5.9% following Oliver (1961), respectively,
representing a large range.

It is noteworthy at this point that the approach of Ortmanns (2006) predicts a settling velocity reduction
by about 4ws = 6.3cm/s for the above geometric conditions. This implies settling of particles d =

330µm does not take place at all. Under the given conditions the critical limit particle size predicted by
Ortmanns (2006) is ca. dcr = 735µm.

6.3 Test program and simulation procedure

6.3.1 Test program

On the one hand bent and angled inlet channels were subject of the investigation. Different inlet channel
radii (r; version V1) for a constant 90° change in direction, and different inlet channel conjunction an-
gles (γ; version V8) were inspected. On the other hand, different transition zone horizontal (α; version
V2) and vertical (β ; version V3) expansion angles as well as lengths (Ltz; version V4) were investigated.
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Besides, additional configurations with varied approach flow Froude number (Fo; version V5) and con-
sidering a trapezoidal basin bed and tranquilizing racks were examined. Whilst for all other versions the
basin length is Lbs = 32 m, only the basin length was varied at version V7 while keeping the transition
zone geometry identical to V0.

For V5, Froude numbers Fo = 2 and 3.5 were chosen, representing supercritical approach flow condi-
tions as possibly being present at desanding facilities equipped with bottom intake. Assuming uniform
flow and the basic conditions as described in Section 6.2, the chosen Froude numbers correspond to an
inlet channel bed slope of about 2.1% and 6.5%, respectively. For these simulations, the geometry is
slightly changed as shown in Figure 6.2. The inlet channel bed is raised by 1.5 m (approach flow depth
for subcritical approach flow) and moreover ho according to the respective investigation Froude number.
It is ho = 0.47 and 0.32m for Fo = 2.0 and 3.5, respectively. Resulting from inlet channel bed rise, the
transition zone vertical expansion is accordingly continued with unchanged slope β = 19.3° into up-
stream direction. This design also exists at prototypes, for example at Schweiben facility (cf. Ortmanns,
2006). The initial position of the horizontal expansion remains unchanged.

1.5 mz
x

ho

ho

1.5 m

original inlet channel bed elevation

begin of horizonal
expansion (unchanged)

adapted begin of
vertical expansion

(1.5 m + ho) / tan(β)

Figure 6.2: Sectional view of adapted inlet channel and transition zone geometry for simulation cases with super-
critical approach flow conditions (flow from left to right; sketch not to scale)

For simulations incorporating a trapezoidal basin bed, the design shown in Figure 2.2 is followed. Along
the centerline of the trapezoidal bed a stripe of 0.5m width is kept horizontal. This accounts for a
corresponding flushing system, for example Bieri or HSR. From this it follows that the maximum flow
depth remains hbs = 5m.

For simulations considering tranquilizing racks, the procedure described in Section 5.4 is put into praxis.
Rack properties following the characteristics at the investigated desanding facilities Moerel, Saas Balen
and Wysswasser were applied and kept constant for each simulation. Three rows of rack bars traversing
the whole transition zone width and flow depth and having a row spacing of 1m were considered. The
rack bar width is s = 5cm. Rack bar clear distance decreases from a = 15cm (first row) to a = 10cm (sec-
ond row) and finally a = 5cm (third row) into flow direction. Because particular effect of bar shape and
resulting head loss is not of primary interest at this point, baffle wings were not used. The configuration
of the tranquilizing rack structure is shown in Figure 6.3.
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Figure 6.3: Plan view of the applied tranquilizing rack structure configuration in the transition zone within the scope
of the parameter study

A conspectus of the test program is given in Table 6.1. Version numbering results from work flow. For
all versions, inlet channel (except V5) and basin characteristics (except V7) as well as discharge and
water properties as described in Section 6.2 apply. For each version, the resulting space requirement
Vt = Vtz +Vbs in terms of total water body volume in transition zone (Vtz) and basin (Vbs) is additionally
reported as benchmark. From the perspective of an operator, the required space to built a desanding
facility is of major interest. On the one hand, the smaller a facility can be, the less the expenses for
building land are. On the other hand, reducing the volumetric space requirement of a facility leads to a
reduction of earthworks and material needs, again decreasing expenses.
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Table 6.1: Overview of investigated regular design cases; directly varied parameter in bold

Version r γ Ltz α β Lbs Fo Vt

[–] [m] [°] [m] [°] [°] [m] [–] [m3]

V0 ∞ 180 10 5.7 19.3 32 0.35 743

V1.1 2 – 10 5.7 19.3 32 0.35 743

V1.2 10 – 10 5.7 19.3 32 0.35 743

V1.3 20 – 10 5.7 19.3 32 0.35 743

V1.4 5 – 10 5.7 19.3 32 0.35 743

V2.1 ∞ 180 10 90 19.3 32 0.35 770

V2.2 ∞ 180 10 60 19.3 32 0.35 769

V2.3 ∞ 180 10 45 19.3 32 0.35 768

V2.4 ∞ 180 10 30 19.3 32 0.35 767

V2.5 ∞ 180 10 15 19.3 32 0.35 763

V2.6 ∞ 180 10 10 19.3 32 0.35 758

V2.7 ∞ 180 10 22.5 19.3 32 0.35 766

V3.1 ∞ 180 10 5.7 90 32 0.35 790

V3.2 ∞ 180 10 5.7 60 32 0.35 783

V3.3 ∞ 180 10 5.7 45 32 0.35 776

V3.4 ∞ 180 10 5.7 30 32 0.35 765

V3.5 ∞ 180 10 5.7 25 32 0.35 758

V3.6 ∞ 180 10 5.7 37.5 32 0.35 772

V4.1 ∞ 180 0 90∗ 90∗ 32 0.35 640

V4.2 ∞ 180 5 11.3∗ 35.0∗ 32 0.35 692

V4.3 ∞ 180 15 3.8∗ 13.1∗ 32 0.35 795

V4.4 ∞ 180 20 2.9∗ 9.9∗ 32 0.35 847

V5.3 ∞ 180 10 5.7 19.3 32 2.0 743

V5.4 ∞ 180 10 5.7 19.3 32 3.5 743

V7.1 ∞ 180 10 5.7 19.3 8 0.35 263

V7.2 ∞ 180 10 5.7 19.3 16 0.35 423

V7.3 ∞ 180 10 5.7 19.3 40 0.35 903

V7.4 ∞ 180 10 5.7 19.3 48 0.35 1063

V7.5 ∞ 180 10 5.7 19.3 56 0.35 1223

V8.1 – 160 10 5.7 19.3 32 0.35 743

V8.2 – 140 10 5.7 19.3 32 0.35 743

V8.3 – 120 10 5.7 19.3 32 0.35 743

V8.4 – 170 10 5.7 19.3 32 0.35 743

V8.5 – 150 10 5.7 19.3 32 0.35 743

V8.6 – 130 10 5.7 19.3 32 0.35 743
∗parameter change results from variation of investigation parameter

Intermediate result inspection and evaluation of simulations listed in Table 6.1 (‘regular cases’) gave
rise to the simulation of supplemental facility geometries and designs (‘special cases’). The special
cases represent some conceptual design ideas, developed based on the findings from the regular cases.
It was aimed at fathoming alternative facility designs being effective, but at low constructional effort.
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The investigated special cases are described in Table 6.2. Fragmentary version numbering results from
discarding simulations with less relevant results. Figure 6.4 shows longitudinal sections of simulation
cases V6.0, V6.1 and V6.2 to ease the comprehensibility. Figure 6.5 provides 3D sketches for further
selected special simulation cases indicating the incorporated modification.

Table 6.2: Overview of investigated special design cases and underlying design idea

Version Description and design idea

V6.0 fully developed channel flow with channel cross section and length identical to basin (i.e.
L×h×W = 32 × 5 ×4 m); determination of specific trapping efficiency for particles with
330 µm (i.e. ηc,330) within the channel length to check agreement with classical design
approach that predicts ηc,330 = 1.0 for the given conditions; no weir and no transition zone
considered

V6.1 geometry identical to V0, but absence of the weir at the basin end (domain extent:
–15 ≤ x≤ 32 m); domain proceeds as channel flow at the downstream side with cross
sectional geometry identical to the basin; quantification of the isolated influence of the
transition zone on the specific trapping efficiency ηc,330 being related to the classical
design approach

V6.2 basin and weir geometry identical to V0, but inlet channel segment and transition zone
removed (domain extent: 0 ≤ x≤ 32 m); fully developed flow for channel with cross
sectional geometry identical to the basin at upstream side of the domain; quantification
of the isolated weir influence on the specific trapping efficiency ηc,330 being related to the
classical design approach

V6.3 continuous horizontal and vertical expansion along entire original facility length of 42 m
(Ltz+ Lbs), resulting in α = 1.4° and β = 4.8° ; differentiation of transition zone and basin is
technically not existent; very smooth geometry; savings in required basin volume and
hence in constructional costs; Vt = 434 m3

V6.5 implementation of impact wall of 1.5 m height measured from the water surface at begin
of basin to decelerate and deflect surface flow; Vt ≈ 743 m3

V6.9 implementation of longitudinal, vertical, thin guide walls (cf. Figure 2.9) along transition
zone, reaching 1 m into the inlet channel and basin, respectively; Vt ≈ 743 m3

V6.10 implementation of both-sided, vertical wall segments with 45° angle of attack against flow
direction (comparable to groynes); positions 8, 16 and 24 m downstream of the transition
zone end; trapezoidal bed used with regard to facilitation of flushing; Vt ≈ 657 m3

V6.13 implementation of three transversal, horizontal flow deflection plates at begin of the
transition zone to deflect entering jet-like flow downwards into parallel direction of
transition zone bed; plate angle of attack is 19.3° (equals β at V0); Vt ≈ 743 m3

V6.14 combined implementation of flow deflection plates in analogy to V6.13 (translated to mid
of transition zone) and tranquilizing racks as shown in Figure 6.3; combination of positive
effects; Vt ≈ 743 m3

V6.15 no transition zone but sudden horizontal and vertical expansion (α = β = 90°); former
transition zone length Ltz = 10 m added as basin length, resulting in Lbs = 42 m

Flow

Lbs = 32 m

hbs = 5 m

V6.0

V6.1
V6.2

z

x

x 
=

 0
 m

Figure 6.4: Longitudinal section of simulation cases V6.0, V6.1 and V6.2 (not to scale)
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Figure 6.5: 3D sketches of special simulation cases V6.3, V6.5, V6.9, V6.10, V6.13 and V6.14; sections along
centerline; arrows indicate applied modification; flow direction from left to right

6.3.2 Flow field simulation procedure

As a general rule, simulations of flow field only and flow in combination with sediment transport were
conducted separately. The flow field simulations were based on corresponding pre-simulations taking an
inlet channel of 100m length into account. This served for obtaining developed flow conditions in the
inlet channel reach just upstream of the transition zone. For the actual simulations, the computational
domain comprises the last 5m of the inlet channel only, the transition zone and the basin including weir.
By this procedure, the developed flow field from the pre-simulation could be used as upstream simulation
boundary condition. Water properties, discharge and surface roughness were set according to Section 6.2.
The flow field simulations were stopped as soon as a stable steady state situation had developed, meaning
volume flow rates entering and leaving the domain are equal and mass-averaged mean kinetic energy for
all fluid in the domain reached a constant level.

6.3.3 Sediment transport simulation procedure

For the sediment transport simulations, the steady state solution of the respective precedent flow field
simulation was used as initial situation. Sediment transport model parameters were set according to the
gained insights from the software validation simulations (Section 5.3). With regard to inflow PSD and
SSC, typical Alpine conditions were incorporated. To decide on an appropriate inflow PSD curve for
the simulations, a selection of available data acquired in similar environmental conditions was used as
reference. For this purpose, the geometric standard deviation σg was utilized. According to findings of
Little (1972), PSD curves showing σg ≤ 1.5 can be considered as uniform, whereas σg ≥ 2.0 represents
widely graded distributions. For Saas Balen and Wysswasser facilities, σg = 4.4 and 4.0, respectively,
were determined (Figures 3.22 and 3.23). Measurements of Ehrbar et al. (2017) conducted in summer
and autumn 2015 at the inflow of three Swiss glacier lakes show a range of σg = 2.6÷ 3.8. Investiga-
tions at the Swiss desanding facility Schweiben revealed a value of about σg = 3.3 during a measurement
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campaign in summer 2008 (VAW, 2010). Sommer (1984) presents a PSD curve averaged over several
summer months for a mountain stream with slightly glaciated catchment area in the Austrian Alps, yield-
ing σg = 5.5. Based on the previous conspectus, determined conditions at Saas Balen and Wysswasser
facilities were rated as typical and appropriate. Therefore, detected mean inlet channel PSD of both
facilities were averaged and the resulting PSD curve (Figure 6.6 (a)) was used in the parameter study.

Based on gained insights from a precedent test simulation, particles d < 60µm (i.e. silt and clay size
range) were not considered in the parameter study simulations. On the one hand, the test simula-
tion yielded that at equilibrium sediment transport state merely 2% of particles d = 60µm are trapped,
whereas 36% are suspended in the computational domain and 62% are transported through the outlet.
Considering this particle size range thus barely generates additional information and would moreover re-
quire additional computational costs. On the other hand, especially the fine and medium sand size range
(i.e. 60 < d < 600µm) is the focus of interest in the present research project on desanding facilities.
Figure 6.6 (b) shows an enlarged section of particle diameter reach d > 60µm of the applied averaged
inlet PSD curve. The sieve passage is rescaled to the range 0÷100%.
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Figure 6.6: (a) Resulting PSD curve from averaging inlet channel PSD at Saas Balen and Wysswasser facilities
(semi-logarithmic); (b) enlarged section of particle diameter reach d ≥ 60 µm (dashed-lined box in (a)) rescaled to
range 0÷100% for sieve passage

To use it in the numerical simulations, the applied reduced PSD curve (Figure 6.6 (b)) was discretized
using four sediment fractions with different particle diameters. The discretization diameters di should
on the one hand represent similar volume fractions in the total PSD. On the other hand, the fine sand
range should be sufficiently considered and the critical limit particle size dcr, derived for the reference
geometry (V0), should be represented by one of the four di. It is dcr = 330µm, calculated following the
classical design approach (cf. Section 2.3.1). The respective percentage (represented by sieve passage) of
each employed particle fraction was determined from the given PSD curve. The discretization is shown
in Figure 6.7. The particle size-dependent theoretical still water settling velocity ws,0 according to the
approach of Soulsby (1997) is given as additional information.
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Figure 6.7: Employed PSD for the parameter study sediment transport simulations presented as grading curve and
in numbers

Total inflow SSC was chosen to be Cs,g = 3 g/l. This represents a commonly occurring peak value under
usual conditions following investigations of Felix et al. (2013b) and Felix et al. (2016b). Their investiga-
tion site is HPP Fieschertal, which is located downstream of Fiescher Glacier, feeding Wysswasser river
just a few kilometers upstream of Wysswasser facility. Maximum SSC values of ca. Cs,g = 2.3 and 1.3g/l
were detected at Saas Balen and Wysswasser facilities, respectively, in the present research project. Since
particles with d < 60µm were not considered in the simulations, their typical fraction in the total sus-
pended matter needs to be subtracted. During the measurements at Saas Balen and Wysswasser facilities,
particles with d < 60µm accounted on average for ca. 60% of the total inlet SSC. Taking this into account
and assuming constant sediment density for all particle sizes, 1.8 of the 3.0g/l inflow SSC would stem
from particles with d < 60µm. Therefore, inflow SSC was adapted to Cs,g = 1.2g/l for the simulations.
This results in inflow mass concentrations of 0.36g/l for particle sizes d = 76 and 120µm, 0.29g/l for
size d = 196µm and 0.19g/l for size d = dcr = 330µm.

In analogy to the simulation of the prototype desanding facilities Saas Balen and Wysswasser the sedi-
ment transport model parameters cbl and ce were set according to the findings from the migrating trench
validation simulations (cf. Section 5.3). However, based on an additional test simulation of the reference
geometry V0, the influence of these parameters on the SSC of interest at the outlet was found to be negli-
gible. The sediment transport simulations were stopped as soon as the SSC at the outlet became constant.
Up to this point, in all parameter study simulations only negligible deposition took place, meaning that
the cross sectional basin flow area remained virtually constant. Related to prototype conditions, this
corresponds to a situation with continuously operating basin flushing system (cf. Section 2.1).

6.4 Mesh sensitivity and numerical diffusion

6.4.1 Introduction

At simulation versions V0 and V2-V7, inlet channel, transition zone and basin are arranged in a straight
line, meaning that geometry is symmetric along the centerline. This consequently also holds for the flow
field. In favor of computational efficiency, a symmetry numerical boundary condition was applied along
the centerline, meaning only half of the domain was modeled. This allows for employing saved compu-
tational cells to increase mesh resolution without significant increase in computational time TCPU . For V1
and V8, the whole domain was simulated applying the same mesh resolution as for the ‘symmetry sim-
ulations’. In general, four different mesh blocks were used for considered inlet channel reach, transition
zone, basin and weir to meet their different meshing requirements.

Prior to the decisive parameter study simulations, appropriate resolution and sensitivity of the compu-
tational mesh were investigated to allow for an efficient realization of the study. This applies for the
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transition zone mesh and basin mesh only, because a high mesh resolution was already initially chosen
for the inlet channel and weir due to their small extent. Mesh sensitivity was checked for simulations
of flow field and sediment transport simulations separately (in analogy to the simulation procedure).
The analysis was performed based on the reference configuration and geometry V0. Basically, mesh
resolution was stepwise enhanced and the effect onto the simulation results was examined.

In the scope of the mesh sensitivity analysis a simplified investigation was performed regarding the or-
der of accuracy of the momentum advection approximation against the backdrop of numerical diffusion.
Numerical diffusion can reduce simulation accuracy by introducing a certain additional error to the sim-
ulation. Its extent depends among others on the flow situation and mesh resolution (Andersson et al.,
2011). By default, a first-order upwind scheme is used as advection algorithm, which applies to den-
sity, thermal energy and momentum. As alternative to the default first-order scheme, the second-order
monotonicity preserving upwind scheme (FLOWScience, 2016) was used in both the flow field and sed-
iment transport simulations for the purpose of comparison. In the following the clipped forms first-order
scheme (′) and second-order scheme (′′) are used.

6.4.2 Flow field simulation

Due to segmentation of transition zone and basin into two mesh blocks, mesh sensitivity of the blocks
was tested separately. To decide on appropriate mesh resolution, the global relative error ε as defined
in Eq. (5.18) was calculated. The conducted two-step procedure is outlined in Figure 6.8. First, the
appropriate transition zone mesh resolution (tz-mapp) was determined, always applying the coarsest in-
vestigated basin mesh resolution bs-m1. Secondly, the appropriate basin mesh resolution (bs-mapp) was
determined, always applying tz-mapp determined in the first step. The global relative error was calcu-
lated for flow velocity magnitude (χ = v) and TKE (χ = kt) incorporating ca. 66000 reference positions
evenly distributed over the basin reach. As reference values χ̃ the corresponding results of the simulation
obtained with the highest mesh resolution m4 (i.e. tz-m4 in the first step and bs-m4 in the second step)
were used.

Ref. 
posit.

Transition zone (tz)

Basin (bs)

tz-m1 tz-m4

bs-m1 bs-m4

Step 1

Step 2

bs-m1   εv , εkt

Basin

Ref. 
posit.

tz-mapp

Basin

tz-mapp

  εv , εkt

bs-mapp

Figure 6.8: Procedure for mesh sensitivity analysis within the scope of the parameter study

At interfaces of neighboring mesh blocks, the cell size in x-direction was specified such that an uni-
form transition is ensured. Wall-normal extent of the first cell at side walls and bed was chosen with
regard to an adequate value for non-dimensional wall distance y+ (also referred to as viscous length)
for wall-bounded flows (FLOW Science, 2016). For the basin, this results in a value of 3 and 5cm at
side walls and bed, respectively. Towards the free stream region cell sizes increase. Since geometry of
the transition zone in most versions does not follow mesh lines, a near-wall mesh refinement was not
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possible. Therefore, a high general transition zone mesh resolution was applied from the beginning. The
investigated mesh resolutions for transition zone and basin and resulting computation times T ′CPU and T ′′CPU

for the application of the first-order and second-order scheme, respectively, are summarized in Table 6.3.
The mesh resolution and number of cells refers to the investigated mesh only, not to the whole domain.
For all simulations a computer server with 16 Intel Xeon E5 processors at 3.2 GHz and 64 GB DDR4
installed memory was used.

Table 6.3: Basin mesh resolution and computation time of investigated computational meshes and momentum
advection approximation schemes within the scope of the mesh sensitivity analysis; 4 indicates cell sizes

Mesh block Mesh ID 4x 4y 4z # of cells T ′CPU T ′′CPU

[–] [–] [m] [m] [m] [103] [min] [min]

Tr. zone tz-m1 0.33 0.05 0.17÷0.22 47 135 205

tz-m2 0.25 0.04 0.15÷0.18 96 188 303

tz-m3 0.20 0.04 0.12÷0.13 175 260 393

tz-m4 0.17 0.03 0.10 288 333 579

Basin bs-m1 0.10÷0.33 0.03÷0.30 0.05÷0.34 70 260 393

bs-m2 0.10÷0.22 0.03÷0.22 0.05÷0.28 160 513 657

bs-m3 0.10÷0.16 0.03÷0.17 0.05÷0.20 313 1 241 1 502

bs-m4 0.10÷0.11 0.03÷0.14 0.05÷0.15 540 1 928 2 084

Mesh resolution tz-m4 and bs-m4, respectively, served as reference resolution for the determination of ε .
Figures 6.9 and 6.10 show the global relative error ε of v and kt contrasted with the normalized required
computation time TCPU/TCPU,re f for the investigated mesh resolutions and the investigated first-order (′)
and second-order (′′) scheme for the momentum advection approximation.

0.0

ε v 
, ε

k t  [
 –

 ]

Basin

TCPU  [ – ]
1.00.0
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Zone

TCPU  [ – ]
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vꞌ
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Figure 6.9: Global relative error ε of flow velocity magnitude v and TKE kt plotted against normalized required
computation time TCPU/TCPU,re f for mesh resolutions m1, m2 and m3 in (a) transition zone and (b) basin using first-
order (’) momentum advection approximation
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Figure 6.10: Global relative error ε of flow velocity magnitude v and TKE kt plotted against normalized required
computation time TCPU/TCPU,re f for mesh resolutions m1, m2 and m3 in (a) transition zone and (b) basin using
second-order (”) momentum advection approximation

With regard to the determined errors and computational times, mesh resolution bs-m3 (= bs-mapp) in
combination with tz-m3 (= tz-mapp) were selected for the parameter study simulations. The calculated
flow velocity magnitude v and TKE kt in the 66000 reference positions is in average 0.006m/s (=̂3%)
and 19cm2/s2 (=̂7%) higher for application of the second-order scheme compared to application of the
first-order scheme; required computation time is increased by 21%. This shows that numerical diffusion
effects are minor, which is expectable since the flow transit time in the investigated geometries is only
about 200s. Further evidence for minor numerical diffusion is the very similar convergence behavior of
kt for both investigated schemes (cf. Figures 6.9 and 6.10). The global relative errors are εv = 3.0% and
2.2%, and εkt

= 2.5% and 3.3% for transition zone mesh and basin mesh, respectively (cf. Figure 6.9).
The required computation time is still acceptable with regard to the test program extent, but would
increase by 55% when using mesh resolution m4 for the basin.

As the basin geometry of versions V1-V5 and V8 is identical to V0, basin mesh resolution bs-m3 was
one-to-one applied for these versions. For V7 (basin length extension), the cell number in longitudinal di-
rection was adapted according to the length variation. For versions V6 (special cases) this also generally
holds, but incorporated installations partially required local mesh refinements or mesh adaptions These
were effectuated in accordance with aforementioned mesh resolution and structure. For V1 (asymmetric
situation), the whole domain was simulated applying the same mesh resolution as for the ‘symmetry
simulations’, leading to approximately doubled cell number. For the transition zone, the determined ap-
propriate mesh resolution was transferred to all simulation versions, giving different cell numbers for the
different versions because of the varied geometries.

6.4.3 Sediment transport simulation

Mesh sensitivity analysis for the sediment transport simulations differs slightly to the one for flow simu-
lations. Mesh resolutions as summarized in Table 6.3 and again the first-order and second-order scheme
were investigated. For the transition zone, tz-m3 was consistently applied from the start. The sensitivity
was checked for the basin mesh only, employing resolutions bs-m1, bs-m2 and bs-m3. As sediment in-
put, the discretized PSD curve presented in Figure 6.7 with a SSC of Cs,g = 2g/l was used. At equilibrium
state, sediment masses having left the domain (mout), being in suspension (msusp) and being deposited at
the bed (mbed) were determined for evaluation. The combination of mesh resolutions tz-m3 and bs-m3
was used as reference mesh. Deviations from the evaluated sediment masses to the corresponding re-
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sults of the reference mesh were used as basis for the choice of the appropriate mesh resolution for the
sediment transport simulations. Results are shown in Table 6.4. Simulation results for application of the
second-order scheme are directly compared to the reference mesh simulation performed with application
of the first-order scheme.

Table 6.4: Mesh sensitivity analysis including result comparison for the application of first-order (′) and second-order
(′′) scheme in the scope of the sediment transport simulations; 4 indicates deviation from the reference solution

Mesh ID TCPU 4mout 4msusp 4mbed 4TCPU

[–] [min] [%] [%] [%] [%]

tz-m3 + bs-m3′ (ref.) 5211 – – – –

tz-m3 + bs-m2′ 1551 –0.6 +0.3 +0.8 –70.2

tz-m3 + bs-m2′′ 1652 –0.2 –0.3 +0.2 –68.3

tz-m3 + bs-m1′ 711 –0.3 –0.3 –0.1 –86.4

tz-m3 + bs-m1′′ 784 –0.3 –1.3 –0.9 –85.0

Even for the coarsest investigated basin mesh resolution, the deviations to the reference mesh are very
small. Besides, the computational time is acceptable. Therefore, basin mesh resolution bs-m1 in com-
bination with transition zone mesh resolution tz-m3 was applied for the sediment transport simulations.
In analogy to the flow field simulations, the effect of numerical diffusion is minor. Application of the
second-order scheme yields quasi identical results compared to application of the first-order scheme,
but requires increased computation time. Consequently, taking the flow field and sediment transport
simulations together, the default first-order scheme was used in the parameter study.

6.5 Quantities of interest

The parameter study results were processed with regard to several quantities of interest for the ensuing
result evaluation and interpretation. The reference geometry (V0) corresponds to the basic geometry used
for the design of desanding facilities. The quantities of interest are hereinafter described and specified.
A summary of the simulation results is given in Table 6.5 for the regular cases (V0-V5, V7 and V8) and
in Table 6.7 for the special cases (V6).

Turbulent kinetic energy: TKE is an indicator for flow turbulence and presence of eddy structures.
Since these features are expected to affect the settling of sediment particles (cf. Section 2.5.2.3), evalua-
tion of TKE is self-evident. Furthermore, TKE is suitable as a simplified measure of flow homogeneity.
As a representative value, mean basin TKE kt,m is stated.

Basin bed shear velocity: For the basin, the calculated mean bed shear velocity u∗m was taken from the
simulation results. It can for example be used to estimate the theoretical threshold particle size which is
not affected by resuspension after having settled to the bed. For this purpose, Eq. (2.39) can be used for a
first estimation. From the resulting settling velocity, the corresponding particle diameter can be deduced.
With Eq. (2.39) and applying the settling velocity approach of Soulsby (1997), incipient suspension
occurs at u∗cr = 0.1, 0.3, 0.8 and 1.7cm/s for the parameter study particle diameters d = 76, 120, 196
and 330µm, respectively.

Recirculating flow: When flow in the basin is locally permanently characterized by velocities vx≤ 0 m/s,
a recirculation zone has developed. Considering cross sectional flow continuity, zones of increased flow
velocities resulting as counteraction to the recirculating return flow emerge. This reduces the effective
flow area, possibly leading to higher velocity paths in the basin. To figure out whether the presence of
recirculation zones affects the trapping efficiency, their extent was determined in two ways. On the one
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hand, the maximum recirculation length xr downstream of the transition zone in the x-z-plain (2D) was
identified. It is measured from the begin of the basin (Figure 6.11) and is located at the centerline for the
symmetric approach flow situations (V0, V2-V7). For cases with asymmetric approach flow conditions
a suchlike clearly delimited recirculation zone is not present. This is due to non-uniformity of basin flow
and superposition with secondary currents caused by the asymmetric approach flow. Hence, the volu-
metric fraction of flow recirculation (3D) Λ in the total basin water body volume Vbs was determined to
be a direct comparing measure independent of symmetry/ asymmetry, and allows for taking possible fur-
ther recirculation locations into account. However, the main recirculation zone at the vertical expansion
typically accounts for the largest part in Λ .

xr

vx > 0 m/s

vx < 0 m/s

vx = 0 m/s

Inlet channel Transition zone Basin

Figure 6.11: Definition sketch of recirculation zone length xr; the line representing vx = 0 m/s is commonly called
‘dividing streamline’, its downstream intersection with the bed ‘reattachment point’

Trapping efficiency: To assess the overall facility performance the concentration-related (ηc, Eq. 2.2),
the abrasion-potential-related (ηAP, Eq. 2.4) as well as the specific trapping efficiencies ηc,76 and ηc,330 for
sediment particles d = 76 and 330µm are determined. ηc and ηAP are calculated considering particles
d < 60µm with their fraction of 1.8g/l in the total inlet concentration, although this fraction is not
incorporated in the sediment transport simulations. These trapping efficiencies are thus related to the
original inlet SSC and PSD as presented in Figure 6.6 (a). Since neither particle shape, nor particle
hardness is considered in the simulations, the corresponding coefficients in Eq. (2.3) are kept at kshape =

khardness = 1 for the calculation of the abrasion potential.

6.6 Results and interpretation

6.6.1 Preliminary remarks and summary of results

Tables 6.5, 6.6 and 6.7 summarize the simulation results of the regular and special cases, respectively.
The evaluated quantities of interest are based on the explanations given in Section 6.5. The stated TKE
kt,m and bed shear velocity u∗m are basin mean values. xr and Λ refer to basin flow recirculation, meaning
zones with longitudinal flow velocity vx < 0. Concentration-related trapping efficiencies ηc, ηc,76 and
ηc,330 as well as the abrasion-potential-related trapping efficiency ηAP are presented. The median outlet
particle diameter determined based on the original inlet PSD is given by d50.

In the following, results are discussed separately for each simulation version and in thematic groupings,
respectively. The corresponding results summarized in Table 6.5 are therefore partly presented once
again and are sorted by the corresponding investigation parameter for the sake of clarity. All trapping
efficiencies are rounded to two decimal places. General detected correlations with respect to the trapping
efficiency are summarized in Section 6.6.10.
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Table 6.5: Parameter study simulation results for versions V0-V5, V7 and V8 (regular cases) sorted by version
numbering

Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc d50 ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [µm] [–] [–] [–]

V0 249 1.0 13.1 0.12 0.17 0.87 0.17 29 0.51 1.00 1.00

V1.1 198 3.1 10.9 0.09 0.07 0.85 0.13 32 0.43 0.76 0.84

V1.2 185 1.8 14.4 0.11 0.14 0.91 0.17 29 0.50 1.00 0.98

V1.3 211 1.2 15.3 0.14 0.18 0.90 0.18 28 0.52 1.06 1.02

V1.4 203 3.0 11.4 0.09 0.09 0.85 0.14 32 0.44 0.82 0.86

V2.1 232 0.9 9.0 0.07 0.21 0.89 0.19 28 0.54 1.12 1.06

V2.2 233 0.9 9.0 0.07 0.20 0.89 0.18 28 0.54 1.06 1.06

V2.3 233 0.9 9.0 0.07 0.20 0.90 0.19 28 0.54 1.12 1.06

V2.4 234 0.9 9.0 0.07 0.20 0.89 0.18 28 0.54 1.06 1.06

V2.5 247 1.0 10.0 0.09 0.18 0.88 0.18 28 0.53 1.06 1.04

V2.6 248 1.0 11.7 0.10 0.18 0.86 0.17 28 0.52 1.00 1.02

V2.7 238 1.0 9.4 0.07 0.19 0.88 0.18 28 0.52 1.03 1.02

V3.1 365 1.5 19.6 0.22 0.16 0.85 0.17 29 0.50 1.00 0.98

V3.2 354 1.3 19.2 0.22 0.17 0.86 0.17 29 0.51 1.00 1.00

V3.3 345 1.3 18.8 0.22 0.18 0.86 0.17 29 0.51 1.00 1.00

V3.4 302 1.1 14.6 0.15 0.16 0.86 0.17 29 0.51 1.00 1.00

V3.5 277 1.1 14.3 0.14 0.17 0.87 0.17 29 0.51 1.00 1.00

V3.6 340 1.2 16.4 0.18 0.16 0.86 0.17 29 0.50 0.97 0.98

V4.1 400 1.6 27.8 0.38 0.11 0.80 0.14 32 0.44 0.82 0.86

V4.2 336 1.2 19.9 0.22 0.15 0.85 0.16 30 0.48 0.94 0.94

V4.3 198 0.9 10.2 0.09 0.21 0.90 0.19 28 0.54 1.12 1.06

V4.4 149 0.8 6.7 0.05 0.24 0.94 0.21 26 0.58 1.24 1.14

V5.3 437 3.9 15.0∗ 0.15 0.08 0.77 0.13 34 0.39 0.76 0.76

V5.4 528 4.0 15.1∗ 0.16 0.08 0.76 0.12 34 0.37 0.71 0.73

V7.1 284 1.7 8.0∗∗ 0.39 0.06 0.54 0.08 36 0.32 0.47 0.63

V7.2 356 1.2 16.0∗∗ 0.30 0.12 0.71 0.13 33 0.42 0.76 0.82

V7.3 181 1.0 13.1 0.09 0.21 0.95 0.21 26 0.58 1.24 1.14

V7.4 174 1.0 13.1 0.08 0.24 0.98 0.21 25 0.60 1.24 1.18

V7.5 165 1.0 13.1 0.07 0.27 ≈1 0.22 24 0.64 1.29 1.25

V8.1 222 1.2 14.3 0.12 0.18 0.90 0.18 28 0.53 1.06 1.04

V8.2 226 1.7 12.3 0.11 0.14 0.89 0.17 30 0.50 1.00 0.98

V8.3 277 3.2 11.6 0.10 0.09 0.82 0.13 32 0.42 0.76 0.82

V8.4 269 0.9 10.6 0.14 0.18 0.88 0.18 28 0.52 1.06 1.02

V8.5 208 1.8 12.9 0.11 0.16 0.89 0.17 29 0.52 1.00 1.02

V8.6 252 2.9 11.9 0.10 0.10 0.86 0.14 31 0.46 0.82 0.90
∗ at water surface; ∗∗ along entire bed
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Table 6.6: Parameter study simulation results for regular versions with incorporated tranquilizing racks and trape-
zoidal bed

Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc d50 ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [µm] [–] [–] [–]

V0 249 1.0 13.1 0.12 0.17 0.87 0.17 29 0.51 1.00 1.00

V0_r 62 0.5 25.2 0.20 0.18 0.92 0.18 28 0.54 1.06 1.06

V1.1_r 66 2.6 – 0.06 0.14 0.94 0.17 29 0.52 1.00 1.02

V2.1_r 83 0.5 21.3 0.16 0.19 0.94 0.19 27 0.55 1.12 1.08

V2.5_r 63 0.4 23.2 0.12 0.21 0.93 0.19 27 0.55 1.12 1.08

V3.1_r 83 0.7 32.0 0.28 0.20 0.91 0.18 28 0.54 1.06 1.06

V5.4_r 246 3.8 21.3∗ 0.27 0.08 0.91 0.13 33 0.41 0.76 0.80

V8.3_r 100 2.9 – 0.08 0.16 0.89 0.16 30 0.49 0.94 0.96

V0_t 237 1.5 11.8 0.09 0.18 0.88 0.18 28 0.52 1.06 1.02

V2.1_t 212 1.3 7.6 0.05 0.20 0.90 0.18 28 0.54 1.06 1.06

V3.1_t 362 1.5 17.3 0.19 0.15 0.85 0.16 30 0.50 0.94 0.98

V4.1_t 404 1.4 26.0 0.28 0.12 0.84 0.15 31 0.47 0.88 0.92

_r = tranquilizing racks; _t = trapezoidal basin bed; ∗ at water surface

Table 6.7: Parameter study simulation results for the investigated special cases (V6) in comparison with reference
geometry (V0) sorted by version numbering

Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc d50 ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[cm2/s2] [cm/s] [m] [–] [–] [–] [–] [µm] [–] [–] [–]

V0 249 1.0 13.1 0.12 0.17 0.87 0.17 29 0.51 1.00 1.00

V6.3 175 0.4 0.0 0.01 0.15 0.89 0.16 30 0.50 0.94 0.98

V6.5 90 1.9 7.4∗ 0.02 0.11 0.91 0.16 30 0.49 0.94 0.96

V6.9 276 1.4 26.7 0.31 0.12 0.93 0.17 29 0.50 1.00 0.98

V6.10 246 –∗ 6.5 0.07 0.28 0.90 0.21 26 0.59 1.24 1.14

V6.13 64 1.9 0.0 0.00 0.17 0.98 0.19 27 0.56 1.12 1.10

V6.14 14 0.8 0.0 0.00 0.19 0.98 0.20 26 0.58 1.18 1.14

V6.15 297 1.4 27.8 0.23 0.17 0.88 0.18 29 0.52 1.06 1.02
∗ at water surface; ∗∗ not determined

6.6.2 Reference geometry

For the reference geometry, Figure 6.12 shows contour plots of basin vx normalized with the mean inlet
channel flow velocity vo,m. Additionally, Figure 6.13 shows contour plots of transverse and vertical flow
velocity magnitude

√
v2

y + v2
z normalized by flow velocity magnitude v. The latter method is in analogy

to the evaluation of the basin flow field at Moerel, Saas Balen and Wysswasser facilities (cf. Sections 4.3
and A.2). It serves for assessing flow inhomogeneity.

It is easy to identify that the basin flow field is by far not homogeneous. About the first basin half is
characterized by a recirculation zone in the lower flow region and an accelerated flow region at the surface
area. Large parts of the flow volume are characterized by lateral and vertical flow velocity components vy

and vz, partly representing up to 100% of the local flow velocity magnitude. This especially holds for the
region until about 5m upstream of the weir, mainly dominated by upwards directed flow. Homogeneous
and longitudinally aligned flow in the whole flow cross section is only present at ca. 23.3≤ x≤ 27.1m.
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Figure 6.12: Contour plots of basin longitudinal flow velocity vx normalized with mean inlet channel velocity vo,m;
section along centerline and plan view of water surface for reference geometry V0; global minimum and maximum:
–0.14 and 0.96
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Figure 6.13: Contour plots of transverse and vertical flow velocity magnitude normalized with flow velocity magni-
tude v; section along centerline and at half flow depth for reference geometry V0; global minimum and maximum:
0.0 and 1.0

The trapping efficiency for particles of the calculated critical limit particle size dcr = 330µm amounts to
ηc,330 = 0.87, the basin-specific trapping efficiency is ηc,bs,330 = 0.80. The latter is calculated based on the
SSC reduction between basin inlet (x = 0m) and basin end (x = 32m) for particles with dcr = 330µm.
The reduction is from 0.133g/l to 0.026g/l as illustrated in Figure 6.14, which shows the cross sectional
mean suspended sediment gravimetric concentration Cs,g,m of the four investigated particle sizes along the
basin. The present trapping efficiency difference 4ηc,bs,330 = –0.20 as to the basin between simulation
and prediction by the classical design approach (cf. Section 6.2) is relevant. This discrepancy can be
explained by the transition zone and weir influence on the basin flow field that is disadvantageous with
regard to particle settling.
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Figure 6.14: Cross sectional mean suspended sediment gravimetric concentration Cs,g,m of the four investigated
particle sizes d = 76, 120, 196 and 330 µm along the basin; grey area indicates the weir; specific inlet channel
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In general, four major features can be detected in Figure 6.14: (i) between 3% (d = 76µm) and 30% (d =

330µm) of the initially suspended particle-size-specific sediment mass become deposited or transported
as bed load after entering the transition zone and before entering the basin at x = 0 m; (ii) for ca. 0 ≤
x < 2m quasi no reduction of mean SSC takes place; (iii) for ca. 2 ≤ x < 28m there is a rather linear
reduction of mean SSC for each particle fraction, but with different gradients; (iv) for ca. x≥ 28m there
is no further reduction of mean SSC, caused by the presence of the weir and related upwards directed
flow. The latter is clearly demonstrated by means of Figure 6.15, showing the described upward flow in
the vicinity of the weir. The distance affected by upward directed flow upstream of the weir is denoted
as as xup. In analogy to V0, a similar weir influence on the flow field was identified for all simulation
versions. This topic is further addressed in Section 6.6.8.
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x

Lbs
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hbs

position of incipient flow upwards deflection

xup

Figure 6.15: Illustration of streamline upwards deflection for flow approaching the vicinity of the weir based on the
example of parameter study simulation V0

6.6.3 Inlet channel course

The presence of a curved inlet channel has a significant influence on basin hydraulics (Table 6.8). For
increasing inlet channel radius r, TKE kt,m appears to principally increase (exception: V1.2), whereas the
mean bed shear velocity u∗m decreases. The latter can be explained by the reduced appearance of lateral
recirculations which cause increased bed shear stress at the beginning of the basin.

Moreover, different extents of flow recirculation can be identified. Although also the recirculation zone
length xr clearly correlates with r, this correlation is weaker in comparison to the utilization of the
volumetric fraction of flow recirculation Λ . A positive linear correlation with a regression coefficient
R2 = 0.96 exits between r and Λ (Figure 6.16). This can be explained with a more pronounced flow
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momentum into basin direction for situations with rather straight-lined basin approach flow. However,
for the reference geometry Λ = 0.12 was found, which does not match with the determined correlation,
because de facto r = ∞ applies. Since Λ is lower for V0 as for V1.3 (r = 20m), there possibly exists an
(not identified) upper limit value for the inlet channel radius maintaining validity of the found correlation
between r and Λ . Furthermore, a negative linear correlation between r and u∗m with R2 = 0.91 exists
(Figure 6.16).

The differences in flow field have repercussions on the resulting trapping efficiencies. The presence of
more distinct flow recirculation, manifested by Λ , does not reduce the trapping efficiencies, but rather
enhances them. With increasing inlet channel radius r the trapping efficiencies ηc and ηAP increase con-
sistently (Figure 6.17). For the specific trapping efficiencies a disproportional decrease can be identified
with decreasing particle size. It appears that ηc,330 is only slightly affected by the variation of r. From this
it can be concluded that the smaller investigated sediment fractions are stronger affected by the present
flow features resulting from inlet channel curvature.

Table 6.8: Parameter study simulation results for variation of inlet channel radius r (versions V1)

r Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[m] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

2 V1.1 198 3.1 10.9 0.08 0.07 0.85 0.13 0.43 0.76 0.84

5 V1.4 203 3.0 11.4 0.09 0.09 0.85 0.14 0.44 0.82 0.86

10 V1.2 185 1.8 14.4 0.11 0.14 0.91 0.17 0.50 1.00 0.98

20 V1.3 211 1.2 15.3 0.14 0.18 0.90 0.18 0.52 1.06 1.02

∞ V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00
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Figure 6.16: Correlation between inlet channel radius r and mean bed shear velocity u∗m and volumetric fraction of
flow recirculation Λ , respectively
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Variation of the inlet channel conjunction angle γ also finds distinct expression in basin hydraulics (Ta-
ble 6.9). Figure 6.18 shows that a negative linear correlation exists between γ and u∗m (R2 = 0.89),
whereas a positive linear correlation exists between γ and the volumetric fraction of flow recirculation
Λ (R2 = 0.71). This is in clear analogy to the variation of the inlet channel radius as identified afore,
so that identical interpretations hold. Between γ and the trapping efficiencies ηc and ηAP second-degree
polynomial correlations can be identified, each having its maximum at γ = 160° (Figure 6.19). Trapping
efficiencies on the one hand are similar for 140° ≤ γ ≤ 180°. On the other hand, ηc, ηAP as well as
each ηc,i decrease for 120°≤ γ < 140°, with ηc,i disproportionately decreasing with smaller particle size.
The specific trapping efficiency ηc,330 is barely affected by a variation of the conjunction angle except
for γ < 140° . In analogy to the interpretation for a curved inlet channel, this might indicate a stronger
influence of the present flow field on the settling of the smaller sediment sizes.

Table 6.9: Parameter study simulation results for variation of inlet channel conjunction angle γ (versions V8)

γ Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[°] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

180 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

170 V8.4 269 0.9 – 0.14 0.18 0.88 0.18 0.52 1.06 1.02

160 V8.1 222 1.2 – 0.12 0.18 0.90 0.18 0.53 1.06 1.04

150 V8.5 208 1.8 – 0.11 0.16 0.89 0.17 0.52 1.00 1.02

140 V8.2 226 1.7 – 0.11 0.14 0.89 0.17 0.50 1.00 0.98

130 V8.6 252 2.9 – 0.10 0.10 0.86 0.14 0.46 0.82 0.90

120 V8.3 277 3.2 – 0.10 0.09 0.82 0.13 0.42 0.76 0.82
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Direct comparison of the two investigated types of inlet channel course yields additional findings. Fig-
ure 6.20 shows contour plots of basin vx normalized with mean inlet channel flow velocity vo,m for versions
V1.1 and V8.3. Both cases represent the strongest investigated flow redirection of the corresponding type.
Resulting flow fields are very similar and high agreement between most of the evaluated quantities of
interest can be identified (cf. Tables 6.8 and 6.9).
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Figure 6.20: Contour plots of basin longitudinal flow velocity vx normalized with mean inlet channel velocity vo,m;
section along centerline and plan view of water surface for versions V1.1 and V8.3; global minima and maxima:
–0.31 and 0.96 for V1.1, –0.38 and 1.13 for V8.3

Noteworthy difference exists for basin TKE kt,m, which is about 30% lower for V1.1 compared to V8.3.
Taking the whole set of simulation versions V1 and V8 into account, kt,m is generally lower for V1
compared to V8. For the investigated spectrum of r and γ , the trapping efficiency ηc equally ranges
between 0.13 and 0.18. Similar holds for ηAP ranging from 0.43 to 0.52 (V1) and from 0.42 to 0.53 (V8),
respectively.

The comparison of all regular versions with respect to resulting trapping efficiency reveals that the widest
trapping efficiency ranges appear for the variation of the inlet channel course. Figure 6.21 shows ηc,330,n

for versions V1 and V8, putting a focus on the specific trapping efficiency ηc,330 which is associated with
dcr = 330µm for the reference geometry V0. It is ηc,330,n = ηc,330/ηc,330,V 0, meaning a normalization with
the specific trapping efficiency obtained for version V0. Interesting is the finding that a slightly curved or
angled inlet channel favors the trapping efficiency. This could be due to the weakened flow momentum
into basin direction which is accompanied by decreased flow recirculation at the vertical expansion.
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(b) inlet channel conjunction angle γ and normalized trapping efficiency ηc,330,n

The findings regarding inlet channel course indicate that an angled inlet channel could come to use
instead of a curved inlet channel reducing construction efforts without drawbacks with respect to trapping
efficiency. Nevertheless, it has to be observed that the investigated geometries V8 allow for a maximal
flow redirection of 60° (V8.3), whereas a flow redirection of 90° is considered for V1. Conditions and
restrictions at a construction site could require flow redirection of 90° and more, although this may not
be favorable.

6.6.4 Transition zone geometry

The overall influence of the horizontal expansion angle α on the basin flow field is minor. Based on
the presented results, the investigated versions can be splitted into two groups (Table 6.10). Values for
kt,m, u∗m, xr and Λ are quasi unchanged for V2.1-4. In contrast, V2.5-7 and V0 on the one hand among
themselves exhibit nearly identical, but compared to the former configurations slightly increased values
for kt,m and u∗m. On the other hand, xr and Λ increase when reducing α from 30° to 5.7°. This can be
explained by the location of the flow recirculations, which is shifted the more into basin direction, the
smaller α becomes. In contrast, for large values of α especially lateral recirculations mainly occur within
the transition zone reach. Sectionally differentiated correlations between α and basin flow recirculation
xr and mean bed shear velocity u∗m, respectively, exist (Figure 6.22).

Table 6.10: Parameter study simulation results for variation of horizontal expansion angle α (versions V2)

α Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[°] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

90 V2.1 232 0.9 9.0 0.07 0.21 0.89 0.19 0.54 1.12 1.06

60 V2.2 233 0.9 9.0 0.07 0.20 0.89 0.18 0.54 1.06 1.06

45 V2.3 233 0.9 9.0 0.07 0.20 0.90 0.19 0.54 1.12 1.06

30 V2.4 234 0.9 9.0 0.07 0.20 0.89 0.18 0.54 1.06 1.06

22.5 V2.7 238 1.0 9.4 0.07 0.19 0.88 0.18 0.52 1.03 1.02

15 V2.5 247 1.0 10.0 0.09 0.18 0.88 0.18 0.53 1.06 1.04

10 V2.6 248 1.0 11.7 0.10 0.18 0.86 0.17 0.52 1.00 1.02

5.7 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00
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Figure 6.23 shows contour plots of basin vx normalized with mean inlet channel flow velocity vo,m for
versions V0 and V2.1. Referring to Table 6.10, these two versions represent the upper and lower end
of the result range of version V2. On the one hand, the recirculation downstream of the transition zone
is maximal at V0 (xr = 13.1m) and it is minimal for V2.1 (xr = 9.0m). On the other hand, surface
flow velocity shows the most pronounced jet shape at V0, whereas it is minimal at V2.1. For V2.2-4,
the flow velocity pattern is identical as for V2.1, which is also represented by the values for xr and Λ .
V2.5-7 show a continual transition from flow conditions identified at V2.4 to conditions at V0, again also
represented by the values for xr and Λ . According to Blevins (2003), V0 and all geometries of version
V2 are theoretically prone to transition zone stall (cf. Figure 2.8). Although V0 and V2 also exhibit a
vertical expansion in the transition zone, simulation results conform well to Blevins (2003).
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Figure 6.23: Contour plots of basin longitudinal flow velocity vx normalized with mean inlet channel velocity vo,m;
section along centerline and plan view of water surface for versions V0 and V2.1; global minima and maxima: –0.14
and 0.96 at V0, –0.11 and 0.93 at V2.1

The high agreement in the flow field identified for the variation of α finds its expression also in the
trapping efficiencies. Indeed, reducing α from 90 to 5.7° leads to a consistent reduction in all evaluated
trapping efficiencies, but the reductions in general are very low. Trapping efficiencies tend to be higher
for larger values of α . Possibly, a certain correlation between ηc (and ηAP) and u∗m and kt,m, respec-
tively, exists, splitting the results into two groups. This is in analogy to the findings regarding the basin
hydraulics. Nevertheless, this correlation is not significant.

Variation of the vertical expansion angle β results in a consistent change of all evaluated quantities of
interest regarding basin hydraulics. Decreasing β from 90° to 19.3° leads to a decrease of kt,m, u∗m, xr and
Λ (Table 6.11). With regard to flow recirculation, this is in analogy to the coherences identified for the
horizontal expansion angle: the smaller β becomes, the more especially the vertical recirculation zone
(expressed by xr) is shifted into the basin direction – and vice versa. Correlation between β and kt,m, u∗m
and xr, respectively, can each be expressed by a hyperbolic tangent regression function (Figures 6.24 and
6.25).
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Table 6.11: Parameter study simulation results for variation of vertical expansion angle β (versions V3)

β Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[°] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

90 V3.1 365 1.4 19.6 0.22 0.16 0.85 0.17 0.50 1.00 0.98

60 V3.2 354 1.3 19.2 0.22 0.17 0.86 0.17 0.51 1.00 1.00

45 V3.3 345 1.3 18.8 0.21 0.18 0.86 0.17 0.51 1.00 1.00

37.5 V3.6 340 1.2 16.4 0.18 0.16 0.86 0.17 0.50 0.97 0.98

30 V3.4 302 1.1 14.6 0.15 0.18 0.86 0.17 0.51 1.00 1.00

25 V3.5 277 1.1 14.3 0.14 0.16 0.86 0.17 0.51 1.00 1.00

19.3 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00
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Flow velocity contour plots in analogy to the horizontal expansion angle are presented in Figure 6.26,
comparing V0 to V3.1. These versions represent the full parameter and result range of a variation of β ,
meaning that flow fields at versions V3.2-6 are intermediate states of the two presented.



138

0.20.0 0.1 0.4 0.5

V0

z
x

y
x

x = 0 m x = 8 m x = 16 m x = 24 m x = 32 m

V3.1

z
x

y
x

x = 0 m x = 8 m x = 16 m x = 24 m x = 32 m

centerline

centerline

water surface

water surface

xr = 13.1 m

xr = 19.6 m

Normalized flow velocity vx / vo,m [ – ]
0.3

Figure 6.26: Contour plots of basin longitudinal flow velocity vx normalized with mean inlet channel velocity vo,m;
section along centerline and plan view of water surface for versions V0 and V3.1; global minima and maxima: –0.14
and 0.96 at V0, –0.21 and 1.10 at V3.1

The transition zone length Ltz at constant basin length Lbs distinctly affects the basin hydraulics. For
the investigated length range, kt,m, u∗m, xr and Λ become the smaller the longer the transition zone is
(Table 6.12). Negative linear correlations between Ltz and kt,m and u∗m, respectively, exist (Figures 6.27),
demonstrated by regression coefficients of 0.90≤ R2 ≤ 0.99.

Table 6.12: Parameter study simulation results for variation of transition zone length Ltz (versions V4)

Ltz Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[m] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

0 V4.1 400 1.6 27.8 0.38 0.11 0.80 0.14 0.44 0.82 0.86

5 V4.2 336 1.2 19.9 0.22 0.15 0.85 0.16 0.48 0.94 0.94

10 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

15 V4.3 198 0.9 10.2 0.09 0.21 0.90 0.19 0.54 1.12 1.06

20 V4.4 149 0.8 6.7 0.05 0.24 0.94 0.21 0.58 1.24 1.14
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Figure 6.27: Correlation between transition zone length Ltz and mean TKE kt,m and mean bed shear velocity u∗m,
respectively

All trapping efficiencies consistently increases with increasing transition zone length. This may imply
increasing sediment settling in the transition zone with increasing transition zone length. This is evident,
because elongation of Ltz effectively results in an increased flow length available for sediment settling.
The specific trapping efficiencies ηc,i increase the relatively stronger, the smaller the particle size is.
Comparing versions V4.1 and V4.4, ηc,76 and ηc,330 increase by 118% and 18%, respectively.

Considering the vertical expansion only, the flow situation is very similar to flow over a backwards-facing
step, which was thoroughly examined by for example Durst and Tropea (1983). Their investigation
allows for the estimation of recirculation zone length xr based on the one hand on the expansion ratio
(hbs/ho) and step height ∆h = hbs− ho (denotation adapted to parameter study). On the other hand, xr

is controlled by the approach flow Reynolds number, defined by the maximum approach flow velocity
vo,max at the water surface and4h. According to for example Chow (1988) it is vo,max ≈ 1.2vo,m. All of the
aforementioned parameters are also primary desanding facility design parameters, available right from
the start of planning.

Durst and Tropea (1983) investigated vertical expansion ratios between hbs/ho = 1.1 and 3.0 for turbulent
flow. For Ro =

(
vo,max4h

)
/ν > 2× 104, they found that xr/∆h is independent of Ro for all investigated

expansion ratios. For desanding facility approach flow, the given prerequisite Ro > 2× 104 is expected
to clearly hold, because Ro is typically in the order of 105÷106 (cf. Pradella, Tavanasa and Schweiben
facilities, Ortmanns, 2006). It is ca. 1.4× 106 and ca. 1.8× 106 at Saas Balen facility and Wysswasser
facilities, respectively. Figure 6.28 shows the approximated resulting correlation between xr/∆h and
hbs/ho for Ro > 2×104. Experimental results indicate that xr/∆h = 8.6 remains constant also for hbs/ho >

3.0.
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Experiments were performed under 2D flow conditions with no side wall influence, which does not
apply for typical desanding facilities. Nevertheless, results of parameter study simulations V4.1 and
V6.15 (both β = 90°, vertical step) are in good agreement with the findings of Durst and Tropea (1983).
For V4.1 it applies hbs/ho = 3.3 and Ro ≈ 4×106� 2×104, from which follows xr/∆h = 8.6. According
to Durst and Tropea (1983) recirculation zone length is xr = 30.1m for this conditions. Simulation
version V4.1 yields xr = 27.8m. Supported by this finding, simulation results in the context of correctly
reproducing recirculating flow conditions are trustworthy.

6.6.5 Basin length and cross sectional bed shape

It is found that variation of basin length Lbs affects the trapping efficiencies ηc, ηAP and ηc,i by different
degrees (Table 6.13). The smaller the particle size, the more the relative trapping efficiency increases
with increasing basin length. For the critical limit particle size d = 330µm, about complete trapping
appears to be present for a basin length Lbs ≈ 40m (ηc,330 = 0.95≈ 1).

Table 6.13: Parameter study simulation results for variation of basin length Lbs (versions V7)

Lbs Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[m] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

8 V7.1 284 1.7 8.0∗ 0.39 0.06 0.54 0.08 0.32 0.47 0.63

16 V7.2 356 1.2 16.0∗ 0.30 0.12 0.71 0.13 0.42 0.76 0.82

32 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

40 V7.3 181 1.0 13.1 0.09 0.21 0.95 0.21 0.58 1.24 1.14

48 V7.4 174 1.0 13.1 0.08 0.24 0.98 0.21 0.60 1.24 1.18

56 V7.5 165 1.0 13.1 0.07 0.27 ≈1 0.22 0.64 1.29 1.25
∗ along entire bed

For Lbs = 8m and 16m, no clear delineation of the recirculation zone is possible. Flow recirculation
is significant and especially extends along the entire basin bed right up to the weir. This also finds
expression in large values for the volumetric fraction of flow recirculation Λ . For a basin length between
Lbs = 16m and 32m, flow reattaches to the basin bed and the recirculation zone length becomes constant
xr = 13.1m.

Mean bed shear velocity shows clearly increased values for short basins and levels out at u∗m = 1.0cm/s
for long basins. This is obvious, since u∗m in the basin inlet region is strongly affected by the approach
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flow conditions. For short basins, these conditions control the mean value, whereas with increasing basin
length this effect is ‘smoothened’.

Using a trapezoidal basin bed yields quasi no changes with respect to the evaluated trapping efficiencies
except for V4.1. This is documented based on the investigation for versions V0, V2.1, V3.1 and V4.1
(Table 6.14). Nevertheless, the operational aspect of facilitating the basin flushing by concentrating the
deposition at the basin centerline has to be kept in mind. Thus, the constructional extra effort for a
trapezoidal bed could be necessary, depending on the intended flushing system.

Table 6.14: Parameter study simulation results for versions with trapezoidal basin bed in comparison with corre-
sponding versions with rectangular basin cross section

Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

V0_t 237 1.5 11.8 0.09 0.18 0.88 0.18 0.52 1.06 1.02

V2.1 232 0.9 9.0 0.07 0.21 0.89 0.19 0.54 1.12 1.06

V2.1_t 212 1.3 7.6 0.05 0.20 0.90 0.18 0.54 1.06 1.06

V3.1 365 1.3 19.6 0.22 0.16 0.85 0.17 0.50 1.00 0.98

V3.1_t 362 1.5 17.3 0.19 0.15 0.85 0.16 0.50 0.94 0.98

V4.1 372 1.4 20.5 0.29 0.11 0.80 0.14 0.44 0.82 0.86

V4.1_t 404 1.4 26.0 0.28 0.12 0.84 0.15 0.47 0.88 0.92

_t = trapezoidal basin bed

6.6.6 Approach flow Froude number

Basin hydraulics for both investigated approach flow Froude numbers Fo = 2.0 and 3.5 are very similar
(Table 6.15). A hydraulic jump forms in the transition zone region where the supercritical approach
flow impacts the basin water body. This results in the presence of a recirculation zone at the water
surface instead of near-bed (Figure 6.29). In exchange, a near-bed jet with vx� vx,bs,m is present reaching
approximately until the mid of the basin. Basin mean TKE is larger for Fo = 3.5 compared to Fo =

2.0, which is attributed to the about 2 m/s higher approach flow velocity at Fo = 3.5. Following from
the similar hydraulics, also the evaluated trapping efficiencies are quasi identical for both investigated
situations. Trapping efficiencies ηc, ηAP, ηc,76, and ηc,330 are ca. 27%, 26%, 53% and 12%, respectively,
in comparison with the reference situation V0.

Table 6.15: Parameter study simulation results for variation of approach flow Froude number Fo (versions V5)

Fo Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[–] [–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

0.35 V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

2.0 V5.3 437 3.9 15.0∗ 0.15 0.08 0.77 0.13 0.39 0.76 0.76

3.5 V5.4 528 4.0 15.1∗ 0.16 0.08 0.76 0.12 0.37 0.71 0.73
∗ at water surface
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Figure 6.29: Contour plots of basin longitudinal flow velocity vx normalized with mean inlet channel velocity vo,m;
section along centerline and plan view of water surface for version V5.4; global minimum and maximum: –0.10 and
0.25

6.6.7 Tranquilizing racks

The presence of tranquilizing racks in the transition zone significantly influences the basin hydraulics
as documented by the simulation results presented in Table 6.16. Compared to the corresponding ver-
sions without racks, a decrease of kt,m by 53÷ 83% and a decrease of u∗m by 5÷ 60% was found. The
former is a clear indication for reduced basin turbulence. For versions with asymmetric approach flow
conditions (V1.1_r and V8.3_r) a slight reduction of recirculating flow can be identified. However, re-
circulation zone length xr increases significantly for versions with symmetric approach flow conditions
(V0_r, V2.1_r, V2.5_r, V3.1_r and V5.4_r). Both are accompanied with a corresponding change of Λ.

Table 6.16: Parameter study simulation results for version with implemented tranquilizing racks in comparison with
corresponding versions without racks

Ver. kt,m u∗m xr Λ ηc,76 ηc,330 ηc ηAP
ηc/ηc,V 0

ηAP/ηAP,V 0

[–] [cm2/s2] [cm/s] [m] [–] [–] [–] [–] [–] [–] [–]

V0 249 1.0 13.1 0.12 0.17 0.87 0.17 0.51 1.00 1.00

V0_r 62 0.5 25.2 0.20 0.18 0.92 0.18 0.54 1.06 1.06

V1.1 198 3.1 10.9 0.08 0.07 0.85 0.13 0.43 0.76 0.84

V1.1_r 66 2.6 9.8 0.06 0.14 0.94 0.17 0.52 1.00 1.02

V2.1 232 0.9 9.0 0.07 0.21 0.89 0.19 0.54 1.12 1.06

V2.1_r 83 0.5 21.3 0.16 0.19 0.94 0.19 0.55 1.12 1.08

V2.5 247 1.0 10.0 0.09 0.18 0.88 0.18 0.53 1.06 1.04

V2.5_r 63 0.4 23.2 0.12 0.21 0.93 0.19 0.55 1.12 1.08

V3.1 365 1.3 19.6 0.22 0.16 0.85 0.17 0.50 1.00 0.98

V3.1_r 83 0.7 32.0 0.28 0.20 0.91 0.18 0.54 1.06 1.06

V5.4 528 4.0 15.1∗ 0.16 0.08 0.76 0.13 0.37 0.76 0.73

V5.4_r 246 3.8 21.3∗ 0.27 0.08 0.91 0.13 0.41 0.76 0.80

V8.3 277 3.2 11.6 0.10 0.09 0.82 0.13 0.42 0.76 0.82

V8.3_r 100 2.9 10.6 0.08 0.16 0.89 0.16 0.49 0.94 0.95

_r = tranquilizing racks; ∗ at water surface

The effect on basin hydraulics is also expressed in changed trapping efficiencies. In general, trapping



143

efficiencies maximally increase by 27% and 21% for ηc and ηAP, respectively, if tranquilizing racks are
present. It is significantly more pronounced for versions with asymmetric approach flow conditions
(V1.1_r and V8.3_r), which is an indication for the homogenizing and aligning effect on the flow. To
allow for general conclusions, the investigated versions V0_r, V2.1_r, V2.5_r, V3.1_r, V1.1_r, V8.3_r
and V5.4_r are grouped after approach flow condition as follows: (a) symmetric (head-on), subcritical
approach flow, (b) asymmetric (curved or angled) subcritical approach flow and (c) symmetric (uniform)
supercritical approach flow. For each of the groups the mean relative increase ∆ηc,330,m of ηc,330 due to
the tranquilizing racks in comparison to the group mean value of ηc,330 without racks is as follows (cf.
Table 6.16):

� group (a): ∆ηc,330,m = 0.060 (V0_r, V2.1_r, V2.5_r, V3.1_r)

� group (b): ∆ηc,330,m = 0.096 (V1.1_r, V8.3_r)

� group (c): ∆ηc,330,m = 0.197 (V5.4_r)

6.6.8 Weir influence

Due to the weir at the basin end, representing partial blockage of the flow cross section, streamlines
become deflected and concentrated. Resulting flow field interference as exemplarily shown in Figure 6.15
for V0 was found for all investigated geometries. Spacious connected zones with upward directed flow
(vz > 0m/s) exist upstream of the weir, covering quasi the whole flow depth. Furthermore, they take up
the whole basin width Wbs, whereat the extent into the upstream direction depends on whether symmetric
or asymmetric approach flow conditions are present. Whilst for versions V0, V1, V2, V3, V4 and V7
(regular symmetric) this zone is quasi symmetrical with respect to the x-z-plain, it is somewhat distorted
for versions V1 and V8 (regular asymmetric) and can partly reach right up to the begin of the basin. For
V5, combination of hydraulic jump and near-bed jet flow provokes upwards orientation of flow along
nearly the whole basin. Therefore, a specific effect of the weir cannot be delineated.

For reasons of comparability and for further investigation the evaluation quantity xup is introduced. It
represents the distance measured from the weir into the upstream direction for which incipient stream-
line upwards deflection occurs over most of the flow depth and the whole basin width. Because of the
partially swirled and helicoidal flow field at versions with asymmetric approach flow conditions xup was
not determined for V1 and V8. Taking all remaining regular simulation cases (V0, V2, V3, V4, V7) into
account, the following groups were found for xup:

� xup ≈ 3 m: V4.1

� xup ≈ 5 m: V3.1, V3.2, V3.3, V4.2

� xup ≈ 6 m: V0, V2, V3.4, V3.5, V4.3, V4.4, V7.3, V7.4, V7.5

Referring to the simulation results overview in Table 6.5 this grouping correlates with recirculation zone
length xr. Geometries showing higher values for xr, at the same time show lower values for xup, and vice
versa. The previous findings apply at least for the geometric and hydraulic conditions chosen for the
parameter study. In this respect, simulation results of versions V7 with varied basin length Lbs reveal
further insights. It is shown in Table 6.17 that xr and xup become independent of Lbs between Lbs = 16m
and ca. 32m. For Lbs = 8m and 16m both features, recirculation zone and flow upwards deflection, seem
to merge so that no clear definition of xr and xup is possible.
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Table 6.17: Values of xr and xup for exclusive variation of basin length Lbs on the basis of the reference transition
zone geometry

Lbs [m] 8 16 32 40 48 56

xr [m] 8.0∗ 16.0∗ 13.1 13.1 13.1 13.1

xup [m] 2.4∗ 3.3∗ 6.2 6.4 6.4 6.4
∗ no clear definition of zones existing

At the state of being independent of xr, extent of xup is assumed to depend on the ratio of weir overflow
height hwo to weir height hw as well as on the undisturbed mean basin flow velocity vbs,m upstream of the
weir. To assess the corresponding coherences a set of supplemental simulations was performed. Again,
geometries identical to V0 but with doubled basin length were applied. This ensured undisturbed weir
approach conditions without interference by the recirculating flow downstream of the transition zone.
Different relative weir overflow heights hwo/hw and different vw were tested. A definition sketch using the
example of a circular-crested weir with vertical front wall as applied in the parameter study is provided in
Figure 6.30. For the present investigation it was defined that the weir height hw is calculated applying the
maximum flow depth in front of the weir for both trapezoidal and horizontal basin bed (cf. Figure 2.2).

hwo

hw

z
x

Free overfall

Submerged overfall

vbs,m

Figure 6.30: Definition sketch for weir overflow height hwo and weir height hw using the example of a circular-crested
free fall weir with vertical front wall

Simulation results are summarized in Table 6.18. For the parameter study hwo/hw = 0.6m/4.4m = 0.14
and vbs,m = 0.20m/sm/s applies. These conditions are similar to typical conditions at several Swiss de-
sanding facilities as presented in Table 6.19. Therefore, the weir characteristics applied in the parameter
study are considered representative for Alpine, especially Swiss conditions.

Table 6.18: Simulation results for xup as function of the ratio of weir overflow height and weir height hwo/hw and weir
approach flow velocity vw = vm at undisturbed weir approach flow conditions; parameter study conditions in bold

hwo/hw [–] 0.14 0.19 0.19 0.19 0.25 0.25 0.25 0.36 0.36 0.36 0.67

vbs,m [m/s] 0.20 0.10 0.20 0.27 0.10 0.20 0.33 0.10 0.20 0.44 0.67

xup [m] 6.4 5.5 5.5 5.5 4.6 4.5 4.7 3.5 3.5 3.6 1.5
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Table 6.19: Conspectus of mean basin flow depth hbs,m, ratio of weir overflow height and weir height hwo/hw, mean
basin flow velocity vbs,m and weir type for several Swiss desanding facilities at design discharge conditions

Facility hbs,m hwo/hw vbs,m Weir type Source

[–] [m] [–] [m/s] [–] [–]

Saas Balen 4.3 0.1 0.12 sharp-crested, free fall present study

Wysswasser 5.1 0.4 0.22 broad-crested, submerged present study

Tavanasa 2.8 0.2 0.33 round-crested, free fall Ortmanns, 2006

Schweiben 6.5 0.1 0.15 broad-crested, free fall Ortmanns, 2006

Pradella 6.9 0.1 0.21 circular-crested, submerged Ortmanns, 2006

Titer/Fieschertal 9.2 0.1 0.21 sharp-crested, free fall Felix, 2017

For the investigated parameter range it was detected that xup shows quasi no variation with vbs,m, but varies
with hwo/hw. The correlation between xup and hwo/hw in the present range 0.14 ≤ hwo/hw ≤ 0.67 is well
described by the following linear regression equation (R2 = 0.96):

xup =−9 (hwo/hw)+7.2 [m] (6.1)

It can be detected based on the measurement campaign that incipient streamline upwards deflection
occurs ca. 7.8m and ca. 4.5m upstream of the weir at Saas Balen and Wysswasser facilities, respectively.
Application of Eq. (6.1) with ratios hwo/hw taken from Table 6.19 yields xup = 6.3m for Saas Balen facility
and xup = 4.5m for Wysswasser facility, which agrees well with the measurement campaign findings.

6.6.9 Special cases

6.6.9.1 Channel flow particle settling (V6.0), absence of weir (V6.1), absence of inlet channel
segment and transition zone (V6.2)

For the subsequent evaluation, the trapping efficiencies ηc,330 and ηc,bs,330 are used. ηc,330 refers to the entire
domain, comparing inlet and outlet concentration of particles with d = dcr = 330µm (relates to classical
design approach). In contrast, ηc,bs,330 refers to section 0 ≤ x≤ 32m only, which is identical to the basin
reach in the reference geometry V0. To determine ηc,bs,330 the concentrations of particles with d = 330µm
at x = 0m and x = 32m are used. For versions V6.0 and V6.2 it is ηc,330 = ηc,bs,330 because only section
0≤ x≤ 32m was simulated. The determined trapping efficiencies for versions V0 (reference geometry),
V6.0, V6.1 and V6.2 are summarized in Table 6.20.

Table 6.20: Comparison of the resulting trapping efficiency ηc,330 and basin-specific trapping efficiency ηc,bs,330 for
simulation versions V0 (reference geometry), V6.0, V6.1 and V6.2 (cf. Figure 6.4)

V0 V6.0 V6.1 V6.2

ηc,330 [–] 0.87 1.00 0.92 0.96

ηc,bs,330 [–] 0.80 1.00 0.85 0.96

Simulation V6.0 shows ηc,bs,330 = 1.0 under fully developed flow conditions. For the given conditions this
conforms to the prediction of the classical design approach. Without the weir influencing the basin flow
field in its vicinity (V6.1) it is ηc,bs,330 = 0.85 at cross section x = 32m, which is the former weir position.
Compared to V6.0 this means an absolute reduction in ηc,bs,330 by 0.15. For the geometry comprising
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only section 0 ≤ x≤ 32m including the weir at fully developed channel approach flow (V6.2) the basin-
specific trapping efficiency becomes ηc,bs,330 = 0.96. Compared to V6.0 this means an absolute reduction
in ηc,bs,330 by 0.04.

Comparison of V0 and V6.0 shows that the combined effect of transition zone and weir leads to an
absolute reduction by 0.20 in ηc,bs,330. This is consistent since it is about the sum of reductions identified
in versions V6.1 (4ηc,bs,330 = –0.15) and V6.2 (4ηc,bs,330 = –0.04). Since for the reference geometry V0 the
available basin length of 32m yields 80% trapping efficiency the basin length has to be increased by 20%
when assuming linear relations, yielding a modification factor of 1.2 for the basin length. Figure 6.31
illustrates the above coherences.

Flow

z

x

Flow

Lbs

Classical design approach ηc,bs,dcr
 = 1.0

Reference geometry V0 ηc,bs,dcr
 = 0.8

Lbs,eff = 0.8 × Lbs 

Flow

V0 with modified basin length ηc,bs,dcr
 = 1.0

Lbs

Lbs 0.2 × Lbs

Figure 6.31: Illustration showing the derivation of the basin length modification factor 1.2 for the desanding facility
reference configuration

6.6.9.2 Continuous transition (V6.3)

In comparison with all other investigated geometries, this version is the only one showing a continuously
varying cross section along the basin axis. Recirculating flow quasi disappears, kt,m and u∗m are reduced
by 30% and 60%, respectively (cf. Table 6.7). In comparison with V0, trapping efficiency ηc,76 is slightly
reduced, whereas ηc,330 is slightly increased. The abrasion-related trapping efficiency ηAP remains quasi
unchanged. Construction volume is significantly reduced, expressed by the decrease of Vt from 434m3

to 743m3 compared to V0.
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6.6.9.3 Impact wall (V6.5)

Presence of the impact wall at the junction of transition zone and basin leads to disappearance of the
former near-bed recirculation zone. Instead a smaller recirculation zone forms at the water surface down-
stream of the impact wall. kt,m is decreased by ca. 60%, u∗m is almost doubled. Whilst ηc,330 rises by 5%
compared to V0, all other evaluated trapping efficiencies are reduced.

6.6.9.4 Longitudinal vertical guide walls (V6.9)

The presence of longitudinal, vertical side walls in accordance with Figure 2.9 leads to increased values
for kt,m, u∗m, xr and Λ (cf. Table 6.7). Especially flow recirculation is significantly more pronounced,
expressed by approximately doubling of the recirculation zone length and almost trebling of volumetric
fraction of flow recirculation. In comparison to V0, ηc,76 is decreased by 29%, but ηc,330 is increased by
7%. However, ηc and ηAP remain (quasi) unchanged.

6.6.9.5 Both-sided vertical inclined plates (V6.10)

Exclusively taking geometries with transition zone length Ltz = 10m and basin length Lbs = 32m into
account, this version shows the highest performance in the parameter study simulation portfolio in terms
of ηc and ηAP. In comparison with V0 trapping efficiencies ηc and ηAP are increased by 24% and 16%,
respectively (cf. Table 6.7).

6.6.9.6 Horizontal flow deflection plates (V6.13)

Recirculating flow quasi disappears, which can be explained by deflection of flow towards the former
main recirculation region downstream of the transition zone. On the one hand, kt,m is reduced by 74%,
on the other hand u∗m increases by 90% (cf. Table 6.7). The latter is a direct consequence of deflecting
flow parallel to the transition zone bed and towards the basin bed. Changed basin hydraulics strongly
affects particles with d = 330µm, expressed by an increase in specific trapping efficiency4ηc,330 =+0.11
(=̂13%) compared to V0. ηc increases by 12% and ηAP increases by 10% compared to V0. It has to be
emphasized that trapping efficiency for particles of the critical limit particle size is ηc,330 = 0.98≈ 1.

6.6.9.7 Horizontal flow deflection plates and racks (V6.14)

Recirculating flow quasi disappears in analogy to V6.13. kt,m and u∗m are reduced by 94% and 20%,
respectively (cf. Table 6.7). Comparing to the exclusive implementation of the racks or the deflection
plates, this implies a further reduction of kt,m by about 78%. u∗m is 60% higher as for racks only, but 58%
lower as for flow deflectors only. Compared to V0, the specific trapping efficiency ηc,76 barely increases,
whereas ηc,330 increases by 13%. ηc increases by 18% and ηAP increases by 14% compared to V0.

6.6.9.8 No transition zone and increased basin length (V6.15)

Sudden transition from inlet channel to basin cross section (α = β = 90°) without adjustment of total
facility length Lt = Ltz + Lbs = 42m shows quasi unchanged facility performance in comparison with
the reference geometry (cf. Table 6.7). This is remarkable, since it demonstrates superior influence of
available flow distance and assigns the transition zone design a subordinate importance.

6.6.10 Trapping efficiency correlations

6.6.10.1 Introduction

The present section summarizes detected general correlations with respect to the concentration-related
specific trapping efficiency ηc,330, taking all investigated situations into account. ηc,330 was chosen as a
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basis for comparison because it relates to the critical limit particle size dcr = 330µm associated with the
reference geometry V0, which is designed following the classical design approach (cf. Section 6.2). This
allows to identify the specific influence of the different investigation parameters on the resulting facility
performance in direct comparison with V0, which in turn indicates whether the classical design approach
appropriate for the given investigated situation.

6.6.10.2 Recirculating flow

For regular cases with subcritical, symmetric approach flow conditions (V0-V4, V7) an important co-
herence can be identified for recirculation zone length and trapping efficiency. With regard to overall
facility design also the transition zone has to be considered, since it represents additional length avail-
able for particle settling. According to this, Figure 6.32 shows the ratio xr,t/Lt plotted against the specific
trapping efficiency ηc,330. A negative linear correlation (R2 = 0.76) between xr,t/Lt and ηc,330 exists. Here,
xr,t = Ltz + xr denotes the distance from transition zone inlet to recirculation zone end; Lt = Ltz +Lbs de-
notes total facility length made up of of transition zone and basin. In the plot, versions V6.13 and V6.15
are supplemented because they yield valuable additional insights in the present context. In V6.15, no
transition zone is incorporated and the recirculation zone is largest among all simulations in the port-
folio. In V6.13, no recirculation occurs and quasi complete trapping for particles dcr (ηc,330 = 0.98) is
achieved.
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Figure 6.32: Ratio xr,t/Lt plotted against trapping efficiency η330 for all regular cases with subcritical, symmetric
approach flow conditions (V0-V4, V7) plus V6.13 and V6.15

Additionally to the afore evaluation the ratio ηc,330/ηc,330,V 0 = ηc,330,n as function of the recirculation zone
length xr is shown in Figure 6.33. ηc,330,n represents the normalization of the specific trapping efficiency
for particles with dcr with the corresponding value for the reference geometry V0. To allow for di-
rect comparability, only regular cases with subcritical, symmetric approach flow conditions as well as
Ltz = 10m and Lbs = 32m (i.e. V0, V2, V3) are considered. A linear correlation between xr and ηc,330,n

(R2 = 0.75) can be identified. The special case V6.13 is shown for comparison, indicating that absence
of a recirculation zone significantly increases the trapping efficiency.
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Figure 6.33: Correlation between recirculation zone length xr and trapping efficiency ηc,330,n normalized by the
trapping efficiency ηc,330,V 0 found for the reference geometry V0; only regular cases with subcritical and symmetric
approach flow conditions and Ltz = 10 m as well as Lbs = 32 m considered (i.e. V0, V2, V3); 4 shows special case
V6.13

Based on the information from Figures 6.32 and 6.33 the following conclusions with respect to the
performed simulations can be drawn:

� The transition zone geometry which is controlled by the expansion angles α and β at constant
length Ltz = 10m is of minor relevance with regard to trapping efficiency. Variation of ηc,330 as
function of the variation of α and β is indicated as ‘α-β -bandwidth’.

� The larger the flow recirculation length related to total facility length, the lower the trapping effi-
ciency ηc,330.

� The additionally available length Ltz due to the presence of a transition zone enhances the trapping
efficiency ηc,330.

� Installations to influence the basin hydraulics (e.g. flow deflectors, V6.13) can lead to a signifi-
cant enhancement of the facility performance without requiring modification of the overall facility
geometry.

6.6.10.3 Bed shear velocity

Taking all regular investigation cases (V0-V5, V8) into account there is a negative linear correlation
(R2 = 0.81) between basin mean bed shear velocity u∗m and trapping efficiency ηc (Figure 6.34). This
can be explained with an increased suspension probability of particles at increased bed shear velocities
as described in Sections 2.5.3 and 2.5.4. As a result, at higher basin mean bed shear velocities a larger
amount of particles is kept in suspension and thus does not deposit during the basin passage. Between u∗m
and trapping efficiency ηc,330 only a moderate negative linear correlation exists (R2 = 0.54), nevertheless
showing a general trend.
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Figure 6.34: Correlation between mean bed shear velocity u∗m and total trapping efficiency η ( ) and trapping
efficiency η330 (#), respectively, for all regular cases (V0-V5, V8)

Shear velocity in general is controlled by various hydraulic and geometric conditions. For conditions
which prevail at desanding facilities, correlation between basin mean bed shear velocity u∗m and volu-
metric fraction of flow recirculation Λ was found. Interestingly, this correlation diametrically differs
for cases with symmetric and asymmetric approach flow conditions and does moreover not hold for
supercritical approach flow, i.e. V5 (Figure 6.35).
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Figure 6.35: Correlation between volumetric fraction of flow recirculation Λ and mean bed shear velocity u∗m divided
into cases with symmetric (V0, V2-V5;  ) and asymmetric approach flow conditions (V1, V8; #); version V5 with
supercritical approach flow omitted for regression equation

This remarkable difference can possibly be explained as follows. For curved and angled inlet chan-
nels, on the one hand transversal flow circulation evoked by secondary currents is the stronger the more
marked the flow direction changes (cf. Section 1.2, hypothesis #1). The stronger the transversal flow
circulation, the larger the bed shear stress and consequently the bed shear velocity u∗m becomes. On the
other hand the extent of the dominant recirculation zone downstream of the transition zone decreases.
This is mainly because at increasing flow direction change the flow impulse is increasingly directed to-
wards the side wall of the inlet channel, transition zone and basin (cf. Figure 6.20). As a consequence,
the flow momentum into the basin longitudinal direction is weakened, resulting in reduced recirculation
zone length xr (Durst and Tropea, 1983).
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With regard to versions V5.3 and V5.4 the following is supposed. As for all investigated regular cases,
the essential part in the volumetric fraction of flow recirculation Λ is represented by the main flow
recirculation in and downstream of the transition zone. While this near-bed recirculation causes increased
bed shear velocity, this does under the present conditions not apply for recirculation at the water surface
as present at V5.3 and V5.4. In exchange, however, the pronounced near-bed jet advancing far into the
basin (cf. Figure 6.29) does in the end significantly increase the bed shear velocity u∗m.

It is worth to take a closer look at further findings depicted in Figures 6.34 and 6.35. The combination
of both correlations implies that for increasing fraction of recirculating basin flow the trapping efficiency
(i) decreases at symmetric approach flow conditions, and (ii) increases at asymmetric approach flow con-
ditions. Moreover, this means that even for flow conditions which might at first glance be considered as
disadvantageous for particle settling, trapping efficiency does not consequently decrease. Examples for
this are given by the simulation results of versions V1.2, V1.3, V8.1, V8.2, V8.4 and V8.5, representing
geometries with minor to mid-level approach flow asymmetry. This is contradictory to hypothesis #1
formulated in Section 1.2.

The previous issue can possibly be explained as follows. For (fairly) symmetric approach flows, the main
recirculation zone stretches symmetrically into the downstream direction, occupying about the whole
basin width. The besides existing sediment laden jet-like surface flow rapidly transports the particles
through the transition zone into the basin. In contrast to this, for increasingly asymmetric approach flow
also lateral recirculation regions form and the flow field becomes increasingly inhomogeneous. This is
accompanied by a reduced extent of the surface flow into the basin direction. The combination of both
processes might cause that particles remain trapped within the recirculation and advance less rapidly
towards and within the basin.

6.6.10.4 Turbulent kinetic energy

No general correlation between basin TKE kt,m and efficiency ηc can be identified for the simulation port-
folio, but kt,m is rather randomly associated with the various investigated flow situations. On the one hand,
this is because TKE (representing turbulent velocity fluctuations) is not accounted for in the calculation
of the particle settling velocity (cf. Section 5.2.4), that is crucial for the resulting trapping efficiency.
On the other hand, various parameters and conditions control the magnitude of TKE, meaning that TKE
itself is dependent on flow conditions and hence does not independently effect sediment transport.

6.7 Discussion and conclusions

6.7.1 Reference geometry

The basin length according to the commonly applied classical design approach appears to be insufficient
with regard to achieving the projected trapping efficiency. For particles of the critical limit size dcr, by
far no complete trapping is achieved although this is aimed at according to the underlying design ap-
proach. At the present approach flow conditions and with a transition zone designed properly following
current recommendations, large basin regions are characterized by an inhomogeneous flow field. The
demonstrated discrepancy between classical design approach and simulation results gives rise to a clear
conclusion: under realistic flow conditions the classical design approach underlying the reference geom-
etry underestimates the required basin length for complete settling of particles with the critical limit size.
In comparison, the design approach of Ortmanns (2006) extents the classical one by partially taking inlet
channel and transition zone parameters into account. However, at least for the present reference geometry
conditions, settling velocity reduction as proposed in his approach seems to be drastically overestimated.
This is represented by the prediction ηc = 0 pertaining to all four investigated sediment fractions.
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6.7.2 Inlet channel approach flow conditions

Characteristics of inlet channel course show relevant effects on basin hydraulics and facility performance.
For a moderate course in terms of larger radii r at curved and larger conjunction angles γ at angled inlet
channels no relevant effect on trapping efficiency exists. At increasing r the volumetric fraction of flow
recirculation Λ also increase linearly. At increasing γ , however, only a trend towards increasing Λ exist.
Combination of both reveals that overall basin flow recirculation is the lower, the more asymmetric the
approach flow is. Moreover, mean bed shear velocity u∗m increases about linearly at increasing approach
flow asymmetry (i.e. larger values of r and γ).

At excessive approach flow asymmetry in terms of small values of r and γ , trapping efficiencies ηc and
ηAP are markedly reduced. Relative changes in specific trapping efficiencies ηc,i differ from one another
depending on particle size. While at varied flow conditions trapping efficiency changes distinctly for
smaller particles, it is less affected for larger particles. This indicates size-specific response to present
flow field.

Supercritical instead of subcritical inlet channel flow results in markedly changed basin hydraulics and
deteriorated facility performance. Basin mean TKE kt,m is about doubled, and mean shear velocity u∗m is
about quadrupled compared to the reference geometry. Size-specific particle response to basin flow field,
expressed by means of ηc,i, is less pronounced and trapping efficiencies ηc and ηAP are markedly reduced
at supercritical approach flow.

6.7.3 Transition zone geometry

Enlargement of the horizontal expansion angle α at constant vertical expansion angle β leads to de-
creased flow recirculation. Recirculation zone length xr and volumetric fraction of flow recirculation Λ

become minimal at 22.5 < α < 30° and remain constant for α ≥ 30°. The same applies for mean basin
TKE kt,m and mean basin shear velocity u∗m, whereas the appearing differences for these quantities are
minor. Enlargement of the vertical expansion angle β at constant horizontal expansion angle α leads
to increased flow recirculation. Recirculation zone length xr, TKE kt,m and mean bed shear velocity u∗m
increase with increasing β following a hyperbolic tangent function. All three quantities become maximal
for β = 90°. With reference to the formation of recirculating flow and accompanied increase of TKE,
the present coherences are consistent with hypothesis #2 formulated in Section 1.2.

However, despite the aforesaid findings, for both variation of α and β no relevant effect on trapping
efficiency was identified. This is contradictory to hypothesis #2. Only a minor trend towards slightly
enhanced trapping efficiency at increasing α can be identified. The described findings indicate that
facility construction efforts could be reduced by incorporating both plain sudden horizontal and vertical
expansion (α = β = 90°) without drawbacks for trapping efficiency. At this point it is referred to the
results of version V6.15 (cf. Table 6.7 and Section 6.6.9), which represents the case without transition
zone, but unchanged total facility length.

6.7.4 Basin length

Basin length Lbs represents the most important design parameter to influence resulting trapping efficiency.
Reduction of basin length below Lbs = 32m (as calculated based on the classical design approach) self-
explanatorily leads to a strong reduction in trapping efficiencies ηc, ηAP and ηc,i. Correlation between Lbs

and the evaluated trapping efficiencies can be well represented by linear regression equations. Complete
trapping of particles with critical limit particle size dcr appears to be present for a basin length around
Lbs = 48m (=̂1.5Lbs,V 0) for the given approach flow conditions, transition zone geometry and weir char-
acteristics.
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6.7.5 Tranquilizing racks and installations

Implementation of a tranquilizing rack structure in accordance with typical characteristics as for pro-
totype desanding facilities yields significant influence on basin hydraulics and trapping efficiencies. In
particular, the reduction of mean basin TKE kt,m should be emphasized in addition, which is a clear indi-
cation for lessened basin turbulence. The reduction amounts in average to ca. 70% for the investigated
versions. This is consistent with hypothesis #3 formulated in Section 1.2. Tranquilizing racks have a
particularly positive effect at disadvantageous approach flow conditions as for example at curved or an-
gled inlet channels. This indicates homogenization and alignment of flow. In light of these findings, the
application of tranquilizing racks to increase the facility performance is justified. The results once again
make clear that complex influences of approach flow conditions and tranquilizing racks exists. These
influences can significantly overrule theoretical considerations exclusively taking basin geometry into
account.

Besides racks, different other types of installations were incorporated and their effect on trapping ef-
ficiency and abrasion potential was assessed. Implementation of an impact wall at the basin inlet to
weaken and deflect the jet-like surface flow entering the basin shows deterioration of facility perfor-
mance in terms of trapping efficiencies ηc, ηAP and ηc,76. On the contrary, specific trapping efficiency
ηc,330 for the largest investigated particle size (d = dcr = 330µm) is slightly increased. Basin TKE kt,m is
clearly reduced by incorporation of the impact wall in comparison to the reference situation.

By incorporation of vertical wall segments at both basin side walls in combination with a trapezoidal
basin bed the highest trapping efficiencies ηc and ηAP among all investigated geometries is achieved. This
is promising because numerous existing desanding facilities already show a trapezoidal bed in context
with the flushing system. Retrofitting of wall segments is considered minor elaborate.

Implementation of horizontal deflectors in the transition zone leads to the disappearance of the charac-
teristic recirculation zone. Basin kt,m is smallest among all investigated geometries without tranquilizing
racks, being reduced by about three-fourths compared to the reference geometry. Superior trapping ef-
ficiency for the larger investigated sediment particles exist, expressed in virtually complete trapping for
particles d = dcr = 330µm. Trapping efficiencies ηc and ηAP are significantly improved compared with
the reference situation. Performance can even be more enhanced for combined incorporation of the flow
deflectors and tranquilizing racks. This makes utilization of deflectors most interesting for the operation
of a desanding facility.

6.7.6 Further geometric modifications

Findings for the case with continuous basin cross section expansion (V6.3) are promising. Flow recir-
culation virtually disappears. Considerable construction volume reduction is achieved, whereas trapping
efficiency only slightly decreases. Although basin cross section is not as simple as at the reference ge-
ometry, constructional effort is considered not to increase decisively, because the variation along the axis
is constant.
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7 Design guideline

7.1 Introduction

Current design recommendations do not consider effects of approach flow conditions and transition zone
geometry on the basin flow field. Moreover, the local influence of the weir at the basin end is not taken
into account. These shortcomings lead to an underestimation of the basin length, consequently resulting
in trapping efficiencies lower than expected. This increases the abrasion potential entailing significant
drawbacks for facility operators. To counteract the described shortcomings, a new and extended design
guideline is proposed, taking approach flow conditions, transition zone geometry and weir influence
into account. This represents a major difference to currently existing design approaches, since as of
now the facility is addressed as an integral system comprising several important sections. Furthermore,
recommendations regarding tranquilizing racks and other installations are given.

In the following, general design recommendations are given, followed by a presentation of the elaborated
design procedure. The procedure focuses exclusively on the hydraulic design of desanding facilities.
Operational aspects such as the definition of the design discharge, the choice of an appropriate flushing
system, flushing intervals, possible interruptions of operation during flood events or economical aspects
are not addressed. In conclusion of this chapter the proposed design procedure is applied to (i) the
prototype desanding facilities Saas Balen and Wysswasser, and (ii) two fictitious test case facilities from
scratch.

7.2 General design recommendations

In the following general design recommendations are given. They result from both the findings from the
precedent measurement campaign and the findings from the parameter study. Aspects regarding both
facility performance and facility operation are addressed:

� The facility approach flow should be as uniform as possible to prevent unfavorable basin hy-
draulics. However, leaving a margin for course and overall configuration with regard to on-site
conditions and restrictions (e.g. topography, protective areas, obstacles), moderate inlet channel
radii and conjunction angles, respectively, can be accepted.

� Supercritical facility approach flow should be avoided. This is commonly only relevant for facil-
ities with bottom intake (Tyrolean weir). At these intake types, the inlet channel bed shear stress
has to be sufficiently high to prevent deposition of coarse sand and gravel in the inlet channel,
which is disadvantageous from an operational point of view. A possible countermeasure could
be the installation of a Coanda intake (Wahl, 2003b) instead of a classical bottom intake. As a
result, coarse sand and gravel are conveyed downstream and do not get into the turbine water sys-
tem. Consequently, the channel bed slope may be selected milder than the critical slope, resulting
in subcritical inlet channel flow without risking sediment aggradation despite reduced bed shear
stress and flow velocity.

� The expansion ratio hbs/ho should be as small as possible for the purpose of minimization of the
recirculation zone length xr. This could especially be considered if the distance between intake
and desanding facility is relatively short. For such situations, a lowered inlet channel bed elevation
to decrease hbs/ho would require only moderately increased earthworks along the inlet channel
course.

� The transition from inlet channel width to basin width can be realized by means of a sudden
horizontal expansion which even shows a tendency towards increasing facility performance. This
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results in a simpler geometry which reduces the efforts for concrete works and thus construction
costs.

� The installation of tranquilizing racks should by all means be realized, in particular at situations
with (i) strongly asymmetric approach flow conditions (i.e. for distinctly curved and angled inlet
channels) and (ii) supercritical approach flow. Tranquilizing racks are particularly interesting to
improve already existing desanding facilities.

� In particular the installation of flow deflectors in the transition zone should be considered. Signifi-
cant improvement regarding trapping efficiency and thus abrasion potential is likely to be achieved.
Moreover, for example the investigated flow deflectors are probably less prone to blockage by float-
ing debris which results in operational benefits. In analogy to tranquilizing racks, the installation
of flow deflectors allows to improve the performance of existing facilities with little effort.

7.3 Design concept

7.3.1 Concept description

The reference geometry is taken as the basis to evaluate and interpret the trapping efficiency change
resulting from a variation of different investigation parameters. For this purpose the specific trapping
efficiency for particles with the critical limit particle size dcr = 330µm is used since it relates to the
classical design approach being the basis for the present concept. Consequently, the subsequent design
recommendations follow the main features of the classical design approach. For this purpose, the defini-
tion of a critical limit particle size is required. Engineering-oriented extensions are incorporated to allow
for a more precise estimation of the required basin length to achieve the desired trapping efficiency. As
a novelty, the influence of approach flow conditions, transition zone geometry and weir are taken into
account. Moreover, tranquilizing racks are considered by means of a simplified approach. The design
concept (Figure 7.1) is as follows:

1. Calculation of the so-called fundamental basin length L̂ based on the classical design approach (cf.
Section 2.3.1) and modification of L̂ by multiplication with a factor of 1.2. This takes the identified
reduction in the trapping effective basin length for particles of the critical limit particle size into
account, that is described in Sections 6.6.2 and 6.6.9.1. The factor 1.2 is attributed to the transition
zone and weir design of the reference geometry (cf. Figure 6.31). The influences of transition
zone and weir design different from the reference geometry are taken into account by means of the
adjustment terms4Lr and4Lw, introduced hereinafter.

2. Determination of different adjustment terms 4Li to consider the influence of (i) transition zone
geometry being connected with flow recirculation (4Lr), (ii) approach flow conditions (4La),
(iii) the weir (4Lw) and (iv) tranquilizing racks in the transition zone (4Ltr). The determination
of 4Lr is based on a more detailed elaboration on flow recirculation which in turn moreover
serves to transfer the parameter study findings to prototype. Because of this essential role further
explanation is provided in Section 7.3.2. The length adjustments generally follow the assumption
that the identified relative change in trapping efficiency is proportional to a relative change of the
fundamental basin length.

3. Correction of the modified fundamental basin length 1.2 L̂ by the adjustment terms, yielding the
required total basin length Lt = 1.2 L̂+∑4Li to achieve exclusion of particles with the defined
critical limit particle size dcr.
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Figure 7.1: Schematic illustration of the new design procedure considering approach flow conditions, transition
zone geometry, weir and tranquilizing racks

7.3.2 Flow recirculation and transfer to prototype

The parameter study simulations reveal that for transition zones with vertical expansion a characteristic
recirculation zone may form. It initiates in the transition zone and extends into the basin to a different
degree, controlled by the approach flow and transition zone geometry. It is shown in Section 6.6.10.2 that
the trapping efficiency is clearly affected by the recirculation zone length xr, that in turn is controlled by
the transition zone geometry. To enable a transfer to prototype and thus to allow for a wide applicability
the findings of Durst and Tropea (1983) regarding flow over backwards-facing step (cf. Section 6.6.4) are
incorporated into the design concept. The underlying procedure is subsequently described and illustrated
in Figure 7.2, where the index ‘d’ denotes the design value for a certain design geometry of a projected
desanding facility:

1. Determination of the theoretical fundamental recirculation zone length x̂r,V 0 at the reference geom-
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etry (V0) assuming the presence of a vertical step. For this purpose, Figure 6.28 is used with ho,V 0

and hbs,V 0. From xr,V 0 (= 13.1m, cf. parameter study) and x̂r,V 0 (= 30.1m) the factor f0 is calculated. It
represents the relative change of recirculation zone length induced by the transition zone geometry
compared to the presence of a vertical step (i.e. ‘worst case’).

2. Analogue procedure to determine the theoretical fundamental recirculation zone length x̂r,d at the
design geometry (‘d’).

3. Adjustment of x̂r,d with the aim to estimate the design geometry recirculation zone length xr,d,
which arises from the projected transition zone geometry. This takes into account (i) the relative
difference of design fundamental recirculation zone length x̂r,d to x̂r,V 0 on the one hand, and (ii)
the relative differences of the projected transition zone geometry to that at the reference geometry
(V0). The latter is considered by means of the term x̃r,d. Its calculation is based on the identified
regression equations resulting from the parameter study for variation of the transition zone expan-
sion angles α and β (cf. Section 6.6.4, Figures 6.22 and 6.24). As a conservative approach the
calculated maximum value x̃r,d =f(α;β ) is used for the further design procedure. For α = β = 90°
at the same time, x̃r,d = f(α;β ) = x̂r,d has to be used. For α = 0° only β is used for the further
calculation. From x̃r,d and xr,V 0 the factor f1 is calculated. It represents the aforementioned relative
differences of the projected transition zone geometry to that at the reference geometry. If x̃r,d > xr,V 0,
for example, this implies worse conditions of the design geometry in comparison to the reference
geometry with regard to expected recirculation zone length.

4. In conclusion, the estimated recirculation zone length xr,d at the design geometry is calculated
as the product of x̂r,d × f0× f1. The regression function presented in Figure 6.33 is then used to
determine ηc,330,n which represents the relative difference in trapping efficiency for particles with
dcr in comparison to the reference geometry (V0).
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Figure 7.2: Schematic illustration of the procedure to estimate recirculation zone length xr,d at the design geometry

7.4 Design procedure

The design procedure applies to geometries that are similar to those investigated in this study. The
design steps according to the design work flow are consecutively described. Underlying coherences for
the individual design steps are briefly discussed in the according subitem. Indices indicating inlet channel
(in), transition zone (tz) and basin (bs) as well as the index indicating a design parameter (d) are from
now on only used if necessary for clarity. A conspectus of the design parameter application ranges is
provided in Table 7.1.

Table 7.1: Suggested application range of the design parameters in the recommended design guideline

Design parameter Application range

critical limit particle size 0.06 mm ≤ dcr ≤ 2 mm

inlet channel radius 2 m ≤ r ≤ 20 m

inlet channel conjunction angle 120° ≤ γ ≤ 180°

horizontal expansion angle 0° ≤ α ≤ 90° (suggestion: 5.7° ≤ α ≤ 90°)

vertical expansion angle 0° ≤ β ≤ 90° (suggestion: 19.3° ≤ β ≤ 90°)

relative weir overflow height 0.14 ≤ hwo/hw ≤ 0.67

basins cross section proportionality W /hm ≈ 0.8
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(1) Definition of critical limit particle size

The definition of the critical limit particle size dcr is based on the concentration-related or mass-related
approach (i.e. ηc or ηm). Both are underlying considerations regarding hydro-abrasion at turbine com-
ponents. The latter can be modeled using turbine abrasion prediction models such as according to IEC
(2013), see also Felix (2017). The application of the mass-related approach is only possible when a
particle size distribution curve is available for the sediment transported in suspension in the waterbody
of interest.

(2) Calculation of settling velocity

Calculation of the still water settling velocity ws,0 for particles dcr based on an appropriate approach, for
example following the approach of Soulsby (1997) (i.e. Eq. 5.13):

ws,0 =
ν

dcr

(√
107.33+1.049d3

∗cr−10.36
)

[m/s]

d∗cr = dcr

[
((ρs/ρw)−1) g

ν 2

]1/3

[–]

where ν = water kinematic viscosity [m2/s]; d∗cr = dimensionless diameter of particles dcr [−]; ρs =

sediment particle density [kg/m3]; ρw = clear water density [kg/m3]. A non-conclusive selection of
approaches to calculate the still water settling velocity is provided in Section 2.5.2. Determination of the
settling velocity should be as precisely as possible since it is crucial for the resulting basin length.

(3) Definition of basin cross section

With regard to the basin cross section, typically the two cases with horizontal or trapezoidal bed com-
monly occur (cf. Figure 2.2). The definition of the basin cross section follows the common recom-
mendation W ≈ 0.8hm. Here, hm represents the overall basin mean value, meaning the average of all
cross sectional mean flow depths hcs,m. This plays an important role if the basin exhibits a longitudinal
bed slope or a trapezoidal cross sectional bed. For a horizontal basin bed, meaning a rectangular cross
section, the mean cross sectional basin flow area becomes Am =W hm = 0.8h2

m.

The choice of the overall mean basin flow depth hm complies with the target that once deposited particles
of size dcr do not get resuspended into the flow again. This means that the mean bed shear velocity u∗m
has to be limited to a corresponding threshold value. Therefore, the probability function proposed by
Bose and Dey (2013) is applied (i.e. Eq. 2.38) to derive u∗m under specification of Pssp and with inserting
the still water settling velocity ws,0 for particles of diameter dcr:

Pssp =
1
16

(
16−

ws,0

u∗m
−
(

ws,0

u∗m

)2
)

e
(
−

ws,0
u∗m

)
[–]

where Pssp = resuspension probability for particles of critical limit size dcr [–]; ws,0 = still water settling
velocity of particles dcr [m/s]; u∗m = mean basin bed shear velocity, applied as threshold for resuspension
of particles dcr [m/s]. It is suggested to set Pssp = 0, meaning a probability of zero for the resuspension of
particles with the considered particle size (most conservative criterion), and to solve for u∗m. Depending
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on the site-specific demands, this criterion could be loosened. Assuming uniform flow conditions (sim-
plification in analogy to classical design approach) and applying the calculated threshold value of u∗m as
well as W = 0.8hm, the minimum required mean basin flow depth hm to avoid resuspension of the critical
particle size is calculated from the following equation (Bezzola, 2017):

u∗m ≤ κ
Qd

0.8h2
m

[
ln
(

10.93hm

ks

)]−1

[m/s]

where κ = von Kármán constant (typically 0.4) [–]; Qd = projected basin design discharge [m3/s]; ks =

equivalent sand roughness coefficient for basin side walls and bed [m]. For sloped or trapezoidal basin
beds it is important to stick to the calculated overall mean basin flow depth hm with regard to the resulting
mean basin flow velocity vm.

(4) Calculation of fundamental basin length

Based on the existing classical design approach (cf. Mosonyi, 1956 or Giesecke et al., 2014) and taking
the modification factor 1.2 into account (cf. Section 7.3.1, 3) the modified fundamental basin length L̂ is
calculated as:

L̂ = max

{
1.2 hm

vm

ws,0− 0.132√
hm

vm

; 8W

}
[m]

where vm = mean basin flow velocity calculated based on continuity [m/s]; W = basin width [m]. The
selection of an appropriate approach to calculate the still water settling velocity ws,0 and its possible
reduction due to an increased present sediment concentration (cf. Section 2.5.2) is crucial for this design
step. The criterion L ≥ 8W stems from the design recommendations affiliated to the classical design
approach (cf. Section 2.3.1).

(5) Calculation of adjustment terms

The calculated modified fundamental basin length L̂ does not consider the approach flow conditions,
an arbitrary transition zone and weir design or the presence of tranquilizing racks. To take the afore-
mentioned prototype conditions into account, L̂ has to be adjusted accordingly by several adjustment
terms (cf. Figure 7.1).

(5.1) Transition zone geometry

No recommendations for the transition zone length Ltz are given since this parameter follows from the
applied expansion angles α and β as well as from the horizontal and vertical expansion ratios. Expansion
angles should be chosen with respect to flow recirculation minimization and should stay within the
investigated ranges, i.e. 5.7° ≤ α ≤ 90° and 19.3° ≤ β ≤ 90°, respectively. Horizontal and vertical
expansion ratios are controlled by the inlet channel and basin cross section. The latter results from
design step (3). This implies that the inlet channel cross section can be optimized based on the choice
of α and β . The essential recirculation zone length is calculated based on the developed procedure
presented in Figure 7.2. For this purpose the parametrization of the curve from Figure 6.28 and the
correlations shown in Figures 6.22 and 6.24 are utilized to determine x̂r and x̃r, respectively. These are
then used to determine the auxiliary parameter ψr which is used in the further design process (see below).



162

(i) x̂r [m] = [11.33 (hm/ho)−7.26] (hm−ho) for 1.1≤ hm/ho ≤ 1.25

x̂r [m] = [2.26 (hm/ho)+4.07] (hm−ho) for 1.25 < hm/ho ≤ 2

x̂r [m] = 8.6(hm−ho) for 2 < hm/ho

(ii) x̃r [m] = max


9.0 [30°<α ≤90°]

30.91/α +7.97 [5.7°≤ α ≤30°]

14.03× tanh(1.547β )+6.125


x̃r [m] = x̂r if α = β = 90° and if x̃r > x̂r

(iii) xr [m] = x̂r x̃r/30.1m note: 30.1m ˆ= xr,V 0

(iv) ψr [−] =−0.0037xr +1.057

(v) 4Lr [m] = L̂ (1−ψr)

(5.2) Approach flow conditions

Depending on the projected inlet channel course (curved or angled) and approach flow velocity (sub-
or supercritical approach flow), different adjustment terms apply. For curved and angled inlet channels,
the identified correlations as shown in Figure 6.21 are utilized to calculate the adjustment terms. For
supercritical approach flows with Fo > 1.0 it is assumed that the found relative reduction of 12% in trap-
ping efficiency ηc,330 in comparison with the reference geometry as described in Section 6.6.6 generally
holds. Within the present design guideline, the approach flow Froude number Fo is determined at the last
inlet channel cross section upstream of the transition zone. The presence of simultaneous supercritical
and asymmetric approach flow was not investigated in the parameter study. Depending on the prevailing
conditions, a mutually intensifying influence is expected, which consequently would demand for further
increased basin length.

(i) ψa [–] = 1.0 for symmetric approach flow with Fo� 1.0

ψa [–] = 0.004r+0.966 for curved inl. ch.; for r > 20m: ψa = 1.0

ψa [–] =−7.429×10−5 γ 2 +0.02291γ−0.727 for angled inl. ch.; for γ = 180°: ψa = 1.0

ψa [–] = 1−0.121 = 0.879 for Fo > 1.0

(ii) 4La [m] = L̂ (1−ψa)

(5.3) Weir influence

The weir influence distance xup is an absolute number which depends on the weir overflow height hwo and
weir height hw; hwo and hw result from design discharge Q, basin width W , maximal basin flow depth in
front of the weir and weir crest shape. The weir height hw is the vertical distance from weir crest to basin
invert right in front of the weir. The employed overflow height hwo is calculated for the design discharge
Qd. The calculation of xup assumes weir approach flow velocities up to about vbs,m = 0.4m/s and follows
Eq. (6.1). No distinction is made with regard to size-specific intensity of settling velocity reduction due
to different upward flow velocities within the distance xup. The entire distance xup is considered for the
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calculation of the required total basin length (conservative approach). This is on the safe side for particles
smaller than the investigated dcr = 330µm which consequently could be hindered from settling along the
entire distance xup.

(i) hw [m] = hmax−hwo at weir front wall

(ii) 4Lw [m] = xup =−9 (hwo/hw)+7.2 for 0.14≤ hwo/hw ≤ 0.67 and vm ≤ 0.4m/s

(5.4) Tranquilizing racks

For the consideration of the effect of tranquilizing racks on the trapping efficiency, different inlet channel
approach flow conditions can be taken into account. To accordingly adjust the required basin length the
approach flow group-specific mean values as presented in Section 6.6.7 are utilized. For supercritical,
asymmetric approach flow the group (b) and (c) values should be superimposed.

(i) ψtr [–] = 0.060 group (a): subcritical, symmetric approach flow

ψtr [–] = 0.096 group (b): subcritical, asymmetric approach flow

ψtr [–] = 0.197 group (c): supercritical, symmetric approach flow

(ii) 4Ltr [m] =−L̂ψtr

(6) Calculation of total required basin length

The total required basin length Lbs,t is composed of the modified fundamental basin length L̂ and the
adjustment terms4Li (cf. Figure 7.1):

Lbs,t = L̂+∑4Li [m]

7.5 Test cases and application examples

7.5.1 Introduction

To illustrate the application of the design recommendations, the guideline is applied for (i) the prototype
desanding facilities Saas Balen and Wysswasser, and (ii) two fictitious test case facilities from scratch.
For Saas Balen and Wysswasser facilities the used input data regarding geometry and hydraulics can be
found in Sections 3.3.3 and 3.3.4, respectively. The fictitious desanding facilities represent two distinctly
different situations: First, relatively large design discharge, generous construction space availability, side
intake and moderate requirements regarding hydro-abrasion; secondly, relatively small design discharge,
constrained construction space availability, bottom intake and relatively high requirements regarding
hydro-abrasion.

In each case, the input data for the guideline are initially given in condensed form. Calculations are
presented, mostly without further explanations, in tabulation following the design step numbering of the
guideline. For Saas Balen and Wysswasser facilities the presented procedure starts with step (5), since
the geometry is taken as is. At the end of each calculation case a brief interpretation of the results is
provided.
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7.5.2 Saas Balen facility

The following input parameters apply (cf. Sections 3.3.3): mean basin flow depth hbs,m = 3.28m; max-
imum basin flow depth hbs,max = 4.32m; approach flow depth ho = 1.54m; approach flow Froude num-
ber Fo = 0.15; transition zone length Ltz = 8.5m; basin length Lbs = 35m; horizontal expansion angle
α = 11.3°; vertical expansion angle β = 18.7°; inlet channel conjunction angle γ = 158°; weir overflow
height hwo = 0.4m; critical limit particle size dcr = 195µm (cf. Table 4.3)

(4) L̂ = Lbs = 35.0m Table 3.2

(5.1) (i) x̂r = 8.6×1.74m = 15.0m for hm/ho = 2.1; hm−ho = 1.74m

(ii) x̃r = max{10.7m; 12.7m}= 12.7m

(iii) xr = 190.5m2/30.1m = 6.3m

(iv) ψr = 1.034

(v) 4Lr =−1.2m

(5.2) (i) ψa = 1.039 for angled inlet channel with γ = 158°

(ii) 4La =−1.4m

(5.3) (i) hw = 3.92m vm = 0.12≤ 0.4m/s; hwo/hw = 0.1

(ii) 4Lw = 6.3m

(5.4) (i) ψtr = 0.096 group (b)

(ii) 4Ltr =−3.2m

(6) Lt = 1.2×35m+[−1.2−1.4+6.3−3.2]m = 42.5m

The calculated required total basin length is 7.5m (=̂21%) larger than the real prototype. From the
measurement campaign, the trapping efficiency was found to be ηs = 0.74 for particles with calcu-
lated dcr = 195µm (cf. Section 4.7). Presuming linear settling, the required basin length amounts to
35m/0.74 = 47.3m, which differs by only 4.8m (=̂10%) to the basin length calculated with the pro-
posed guideline. Agreement becomes even better when considering that the trapping efficiency ηs is
likely to be slightly underestimated in the scope of the measurement campaign (cf. Section 4.9). It has
to be noted that Saas Balen facility does by far not meet the design criteria Wbs/hbs,m ≈ 0.8 (i.e. 1.8) and
Lbs ≥ 8Wbs (i.e. 46.4m) that are part of the classical design approach and thus is a prerequisite for the
application of the proposed new design procedure.

7.5.3 Wysswasser facility

The following input parameters apply (cf. Sections 3.3.4): mean basin flow depth hbs,m = 5.08m; max-
imum basin flow depth hbs,max = 5.24m; approach flow depth ho = 1.51m; approach flow Froude num-
ber Fo = 0.21; transition zone length Ltz = 3.7m; basin length Lbs = 32m; horizontal expansion angle
α = 0°; mean vertical expansion angle βm = 43.1°; inlet channel radius r = 9.4 m; weir overflow height
hwo = 1.46m; critical limit particle size dcr = 405µm (cf. Table 4.3)
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(4) L̂ = Lbs = 32.0m Table 3.3

(5.1) (i) x̂r = 8.6×3.57m = 30.7m for hm/ho = 3.4; hm−ho = 3.57m

(ii) x̃r = 17.7m only β used because α = 0°

(iii) xr = 543.4m2/30.1m = 18.1m

(iv) ψr = 0.990

(v) 4Lr = 0.3m

(5.2) (i) ψa = 1.004 for curved inlet channel with r = 9.4m

(ii) 4La =−0.1m

(5.3) (i) hw = 3.78m vm = 0.24≤ 0.4m/s; hwo/hw = 0.39

(ii) 4Lw = 3.7m

(5.4) (i) ψtr = 0.096 group (b)

(ii) 4Ltr =−2.9m

(6) Lt = 1.2×32m+[0.3−0.1+3.7−2.9]m = 39.4m

The calculated required total basin length is 7.4m (=̂23%) larger than the real prototype. Due to the
present conditions during the measurement campaign, no appropriate estimate for the particle-size-
related trapping efficiency ηs is available for Wysswasser facility (cf. Section 4.7. Consequently, the
basin length calculated with the proposed new design procedure cannot be checked conclusively. It has
to be noted that Wysswasser exactly meets the design criteria Wbs/hbs,m ≈ 0.8 and Lbs ≥ 8Wbs that are part
of the classical design approach and thus is a prerequisite for the application of the proposed new design
procedure.

7.5.4 Fictitious test case 1

This test case represents a facility with relatively large design discharge, generous construction space
availability, side intake and moderate requirements regarding hydro-abrasion. It is assumed that the
inlet channel which connects the intake and the facility is straight-lined, enabling uniform approach
flow conditions. Application of a side intake typically prevents that coarser matter enters the turbine
water system. Hence, the inlet channel flow velocity can be moderate, so that subcritical approach flow
conditions occur. Tranquilizing racks are installed. The basin cross section has a horizontal bed. The
following input parameters apply: design discharge Q = 10m3/s; water temperature Tw = 8 ◦C; surface
roughness k = 0.005m; approach flow depth ho = 2.0m; inlet channel width Win = 2.0m; transition zone
length Ltz = 10m; horizontal expansion angle α = 90◦; vertical expansion angle β = 23.7◦; critical limit
particle size dcr = 350µm.
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(1) dcr = 350µm for example from turbine manufacturer

(2) ws,0 = 0.046m/s following approach of Soulsby (1997)

(3) u∗m ≤ 0.013m/s for Pssp = 0; most conservative

hm ≥ 6.35m→ hm = 6.4m thus W = 0.8 hm = 5.1m and vm = 0.31m/s

(4) L̂ = max {79.8m; 40.8m}= 79.8m

(5.1) (i) x̂r = 8.6×4.4m = 37.8m for hm/ho = 3.2; hm−ho = 4.4m

(ii) x̃r = max{9.0m; 14.0m}= 14.0m

(iii) xr = 529.2m2/30.1m = 17.6m

(iv) ψr = 0.992

(v) 4Lr = 0.6m

(5.2) (i) ψa = 1 symmetric subcritical approach flow

(ii) 4La = 0m

(5.3) (i) hwo = 0.94m weir discharge coeff. cw = 0.73 assumed

hw = 5.46m hmax = hm

(ii) 4Lw = 5.7m hwo/hw = 0.17; vm = 0.31 < 0.4m/s

(5.4) (i) ψtr = 0.060 group (a)

(ii) 4Ltr =−4.4m

(6) Lt = 79.8m+[0.6+0+5.7−4.4]m = 81.7m

For comparison, the required length is moreover calculated for (a) a sudden horizontal and vertical ex-
pansion (α = β = 90°, Ltz = 0 m), (b) the absence of tranquilizing racks, and (c) a combination of both
afore. It results: (a) Lt = 89.8m; (b) Lt = 86.1m; (c) Lt = 94.3m.

7.5.5 Fictitious test case 2

This case represents a facility with relatively small design discharge, constrained construction space
availability, bottom intake and relatively high requirements regarding hydro-abrasion. Due to on-site
constraints, the inlet channel is bent with a radius r = 4 m, and the flow direction is changed by 90°. Due
to the bottom intake, high flow velocity resulting in supercritical approach flow with Fo = 2 is necessary
to prevent sediment deposition in the inlet channel. Tranquilizing racks are installed. To facilitate basin
flushing the basin cross section has a trapezoidal bed. The following input parameters apply: design
discharge Q = 2m3/s; water temperature Tw = 8 ◦C; surface roughness k = 0.005m; approach flow depth
ho = 0.5m; inlet channel width Win = 0.9m; transition zone length Ltz = 4m; horizontal expansion angle
α = 0◦; vertical expansion angle β = 42.9◦; critical limit particle size dcr = 250µm.
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(1) dcr = 250µm for example from turbine manufacturer

(2) ws,0 = 0.029m/s following approach of Soulsby (1997)

(3) u∗m ≤ 0.008m/s for Pssp = 0; most conservative

hm ≥ 3.66m→ hm = 3.8m thus W = 0.8 hm = 3.0m and vm = 0.18m

hmax = 4.2m trapezoidal bed (flushing channel width 0.5m)

(4) L̂ = max {48.8m; 24.0m}= 48.8m

(5.1) (i) x̂r = 8.6×3.3m = 28.4m for hm/ho = 7.6; hm−ho = 3.3m

(ii) x̃r = 17.6m only β used because α = 0°

(iii) xr = 502.7m2/30.1m = 16.6m

(iv) ψr = 0.996

(v) 4Lr = 0.2m

(5.2) (i) ψa = 0.982 for curved inlet channel with r = 4m

ψa = 0.879 for Fo = 2

(ii) 4La,1 = 0.7m

(ii) 4La,2 = 4.9m

(5.3) (i) hwo = 0.46m weir discharge coeff. cw = 0.73 assumed

hw = 3.74m

(ii) 4Lw = 6.1m hwo/hw = 0.12 (still ok); vm = 0.18 < 0.4m/s

(5.4) (i) ψtr,1 = 0.096 group (b); for asymmetric approach flow

ψtr,2 = 0.197 group (c); for supercritical approach flow

(ii) 4Ltr,1 =−3.9m

4Ltr,2 =−8.0m

(6) Lt = 48.8m+[0.2+0.7+4.9+6.1−3.9−8]m = 48.8m

For comparison and in analogy to test case 1, the required length is moreover calculated for (a) a sudden
horizontal and vertical expansion (α = β = 90°, Ltz = 0 m), (b) the absence of tranquilizing racks, and
(c) a combination of both afore. It results: (a) Lt = 50.4m; (b) Lt = 60.8m; (c) Lt = 62.3m.
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8 Conclusions

8.1 Summary

In the present work, recommendations on the design of desanding facilities for hydropower schemes
for trapping efficiency optimization were elaborated. The optimization potential was systematically in-
vestigated by means of a composite approach, i.e. modeling flow and sediment transport by numerical
simulations based on experimental data obtained from precedent field experiments. The simulations
comprised an extensive comparative parameter study performed with the computational fluid dynamics
(CFD) software FLOW-3D. The findings of the parameter study result in an novel design procedure. As
an advancement of the classical design approach, the new procedure takes approach flow conditions,
flow transition to the settling basin, influence of the weir at the basin end and tranquilizing racks in the
transition zone into account. Thus, the integral system of all relevant components is considered rather
than the basin only. The proposed new procedure enables a reliable estimate on the required settling
basin length to achieve complete trapping of sediment particles with defined size.

The field experiments were conducted at three Swiss desanding facilities and comprised comprehensive
measurement data acquisition regarding flow field and suspended sediment transport. A flexible and
robust measuring setup was employed to record spatial flow velocities and turbidity as most important
quantities. Moreover, numerous water samples and scattered deposition samples were withdrawn for
laboratory investigation of SSC, PSD and mineralogical composition, respectively. High-quality data in
a dense measurement grid and at high temporal resolution were obtained from the investigated proto-
types. Each prototype exhibits significant inhomogeneous flow conditions in about the first third of the
basin, which become increasingly homogeneous in the basin course. Basin flow fields are controlled by
basin approach flow conditions including tranquilizing racks. Combination of turbidity measurements
and water sample analyses yield reliable linear regressions to estimate SSC based on turbidity. SSC was
determined for numerous points within the basin as well as in the approach and outlet flow. Based on
the comparison of inlet and outlet SSC, the concentration-related trapping efficiency was determined.
Moreover, the particle-size-related and abrasion-potential-related trapping efficiencies were determined
based on the comparison of inlet and outlet PSD and SSC times the median particle diameter d50, respec-
tively. Partly significant differences between projected and true trapping efficiencies as well as between
concentration-related, abrasion-potential-related and particle-size-related trapping efficiencies were un-
veiled.

It has been shown that CFD software is capable of simulating complex 3D flow and sediment transport
processes related to the present field of desanding facility research. The model was validated based on
(i) straight channel-flow simulations (in a prior study conducted by the author, see VAW, 2015), (ii) a
simulation of a well-documented laboratory experiment which covers all relevant sediment transport pro-
cesses with regard to the present work, and (iii) simulations of the investigated prototypes. In the scope
of the latter, an efficient, software-specific concept to incorporate tranquilizing racks in the simulations
was developed and successfully applied.

In the parameter study, various approach flow conditions and geometric facility parameters were sys-
tematically investigated. These are (i) sub- and supercritical approach flow, (ii) curved and angled inlet
channel course, (iii) transition zone geometry in terms of length, horizontal and vertical expansion angles,
and (iv) basin length. Moreover, the influences of tranquilizing racks and of a trapezoidal vs. rectan-
gular basin cross section were investigated. Additionally, several special geometric modifications and
implementation of different installations such as guide walls or flow deflectors were tested. As a general
basis of comparison for all simulations, a reference desanding facility geometry was defined. The ref-
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erence geometry results from the classical design approach and a few existing design recommendations
for inlet channel and transition zone. Simulations consider flow in combination with sediment transport.
The incorporated inflow PSD and SSC are based on typical Alpine conditions and were derived from
different available investigations. One of the incorporated sediment fractions used to discretize the inlet
PSD represents particles with critical limit size as calculated for the reference geometry, following the
classical design approach. This allows for the assessment of the classical design approach with regard
to deficits in estimation of required basin length for a complete trapping of particles of the critical limit
size. In analogy to the measurement campaign, the trapping efficiency determination in the simulations
is based on the comparison of inlet and outlet SSC and, additionally, median particle size d50.

Trapping efficiencies are used as benchmark regarding the effect of varied geometry and approach flow
conditions, respectively. Different correlations between resulting trapping efficiencies and selected eval-
uation quantities of interest were identified. Based on the identified correlations, the basin length change
can be related to the variation of approach flow conditions and geometry. The formation of a main re-
circulation zone resulting from the the degree of the transition zone’s vertical expansion was found to
be a decisive factor. In contrast, the transition zone’s horizontal expansion appears to be of minor rel-
evance, as well as a moderate approach flow non-uniformity. However, strongly bent or angled inlet
channels resulting in pronounced approach flow non-uniformity were found to cause a distinct trapping
efficiency decrease, demanding for an increased basin length. The same holds for supercritical approach
flow. It is demonstrated that tranquilizing racks generally improve the trapping efficiency. Compared on
a relative basis, this improvement is larger at supercritical or strongly non-uniform approach flow condi-
tions compared to subcritical and uniform approach flow. Moreover, for existing facilities the subsequent
incorporation of flow deflectors and the like may enhance facility performance.

For the proposed design procedure the existing classical design approach is used to calculate the funda-
mental basin length. Due to the underlying classical design approach, the reference geometry constitutes
the connecting piece between the simulation portfolio and the prototype facility. The fundamental basin
length is then corrected by adjustment terms which serve for taking effects of the investigated geometric
parameters and approach flow conditions into account. The adjustment terms are calculated based on
the identified relative trapping efficiency difference compared to the reference geometry. As a further
novelty, influences of the weir and tranquilizing racks are taken into account. Regarding the reference
geometry simulation results, it is demonstrated that the classical design approach distinctly underesti-
mates the required basin length. This deviation is attributed to the underlying simplifying assumptions
and isolated consideration of the basin only.

The concept underlying the proposed design procedure is illustrated by means of its application for (i)
two of the investigated prototype desanding facilities, and (ii) two fictitious test case facilities. For the
prototypes the estimated required basin length is about 20% larger than the basin length is in reality.
For Saas Balen facility this agrees well with the identified trapping efficiency within the scope of the
measurement campaign. For Wysswasser facility a comparison of trapping efficiencies as a measure of
facility performance is not possible because of a lack of appropriate measurement data. For the fictitious
test case facilities, plausible basin length estimates are obtained, especially for the direct comparison of
extreme cases, i.e. supercritical approach flow and sudden vertical expansion between inlet channel and
basin, both without tranquilizing racks. Basin length estimates by the proposed new design procedure are
– depending on the investigated situation – about 20 to 50% higher compared to the values resulting from
the classical design approach. This results in increased trapping efficiencies and consequently reduces
the risk of hydro-abrasion with all its accompanying drawbacks for facility operators.
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8.2 Outlook

Several recommendations arise from the completion of the present research work. On the one hand, these
recommendations may underlie future research projects. On the other hand, the recommendations imply
a critical self-assessment of the conducted work stages, giving hints for certain improvements. Most of
the recommendations are relevant for desanding facility monitoring on the one hand and for numerical
simulation of desanding facilities on the other hand. In detail, the following aspects are raised:

� Realization of simultaneous water sampling at the facility inlet and outlet to obtain consistent sets
of PSD to allow for a more detailed evaluation of the facility performance with regard to mean
particle size refinement.

� Application of an in-situ laser diffraction particle size analyzer (e.g. LISST) supplemental to the
used measurement setup to obtain also detailed information on PSD in the whole basin reach.

� Application of a traverse or bearing system especially allowing for velocity measurements closer
to the basin side walls and basin bed to increase the flow area covered by measurements.

� Application of a laser scanner to record the deposition surface after careful drainage of the basin.

� Conduct numerical simulations by means of CFD software to support the desanding facility plan-
ning stage in general.

� Determination of true sediment characteristics in the project perimeter with regard to density and
particle shape to allow for an as good as possible estimate of the settling velocity, which is crucial
for the desanding facility basin length.

� Acquisition of long-term data record of the inlet and outlet SSC and PSD to assess facility perfor-
mance also for accordingly varying conditions.

� Cooperation with a power plant operator to construct a (small) prototype facility following the
proposed design procedure to check the validity in more detail.

� Continuation of work on appropriate incorporation of tranquilizing racks to CFD simulation for
example by means of a combination with laboratory experiments on rack structures.

� Large Eddy Simulations (LES) in combination with the application of particle settling approaches
that take the influence of turbulent velocity fluctuations on the settling velocity into account could
yield additional information on the spatial sediment trajectories.
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List of symbols

Abbreviations

ADCP Acoustic Doppler Current Profiler

ADV Acoustic Doppler Velocimeter

AP Abrasion Potential

CFD Computational Fluid Dynamics

CFDM Coriolis Flow and Density Meter

COR Correlation (ADV data)

DNS Direct Numerical Simulation

FNU Formazine Nephelometric Units

HPP Hydroelectric Power Plant

LES Large Eddy Simulation

PSD Particle Size Distribution

RANS Reynolds-averaged Navier-Stokes

RNG Renormalization-Group

SNR Signal-to-Noise ratio (ADV data)

SSC Suspended Sediment Concentration

STL Stereolithography

TKE Turbulent Kinetic Energy

WSE Water Surface Elevation

Dimensionless numbers

F Froude number [−]

P Rouse number [−]

R Reynolds number [−]

Sc Schmidt number [−]

St Stokes number [−]

Greek symbols

α horizontal expansion angle [°]

β vertical expansion angle [°]

ε global relative error [−]

ηc concentration-related trapping efficiency [−]

η trapping efficiency [−]

ηAP abrasion-potential-related trapping efficiency [−]

ηm mass-related trapping efficiency [−]
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ηs particle-size-related trapping efficiency [−]

γ inlet channel conjunction angle [°]

κ von Kármán constant [−]

µ dynamic viscosity [N s/m2] [kg/s m]

ν kinematic viscosity [m2/s]

νt kinematic turbulent viscosity [m2/s]

ω specific turbulent kinetic energy dissipation [1/s]

Φ shape factor [−]

ψ auxiliary parameter within design guideline [−]

ρ density [kg/m3]

σ geometric standard deviation [−]

τb bed shear stress [N/m2] [kg/m s2]

τr characteristic particle response time [s]

τt characteristic flow field time scale [s]

Θ Shields parameter [−]

ε global relative error [−]

εt turbulent kinetic energy dissipation rate [m2/s3]

Λ volumetric fraction of flow recirculation [−]

ϕ sediment angle of repose [°]

ζl linear loss coefficient [m/s]

ζq quadratic loss coefficient [−]

ζR total rack loss coefficient [−]

Roman symbols

A flow area [m2]

a rack bar clear distance [m]

b baffle wing width [m]

C concentration [kg/m3] [−]

ce entrainment coefficient [−]

cbl bed load transport coefficient [−]

cd drag coefficient [−]

D diffusion coefficient [m2/s]

d geometric particle diameter [m]

d50 median particle diameter [m]

db bar depth [m]

F suspended sediment flux [kg/s]

f suspended sediment flux density [kg/s m2]

g gravitational acceleration [m/s2]
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h flow depth [m]

he energy head [m]

k equivalent sand roughness coefficient [m]

kt turbulent kinetic energy [m2/s2]

L length [m]

l energy containing eddy length scale [m]

m mass [kg]

P porosity [−]

p pressure [N/m2] [kg/m s2]

Q discharge [m3/s]

qbl bed load transport rate [m2/s]

R2 regression coefficient [−]

rhy hydraulic radius [m]

S slope [−]

S∗ dimensionless fluid-sediment parameter [−]

s rack bar width [m]

T duration [s]

T temperature [°C]

TCPU computation time [s]

t time [s]

u∗ shear velocity [m/s]

V volume [m3]

v flow velocity [m/s]

W mean basin width [m]

w settling velocity [m/s]

X normalized longitudinal coordinate [−]

x longitudinal coordinate [m]

xr maximum recirculation zone length [m]

Y normalized transverse coordinate [−]

y transverse coordinate [m]

Z normalized vertical coordinate [−]

z vertical coordinate [m]

Subscripts

b bed

d design value

g gravimetric

m (arithmetic) mean
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s sediment (particle)

v volumetric

x longitudinal flow direction

y transverse flow direction

z vertical flow direction

bs basin

cr critical

cs cross sectional value

in inlet channel

mix mixture

o approach flow condition

rms root-mean-square

tz transition zone

t total

w pure water
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A Evaluation of measurement campaign data: Moerel
facility

A.1 Data correlation

A.1.1 Turbidity and SSC

No adequate correlations between turbidity and suspended sediment concentration (SSC) were found for
the desanding facility Moerel (Figure A.1). This might be caused by (i) the little spread of recorded
turbidity and (ii) the very low level of SSC, which possibly coincides with the uncertainty range of the
laboratory determination of the SSC.

SSC = 0.0005 FNU + 0.0639
R2 = 0.09

SSC = 0.0012 FNU + 0.0426
R2 = 0.21
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Figure A.1: Correlation between turbidity and SSC at Moerel facility for inlet (2, dotted line) and basin (#, solid
line)

A.1.2 Density and SSC

By contrast, the global density range recorded at Moerel facility is 994.23 ≤ ρmix ≤ 999.64 kg/m3 while
the recorded temperature range is 6.92 ≤ T ≤ 10.49 °C. Applying Eq. (4.2) results in an according
calculative water temperature range of about 10.5≤ T ≤ 34.5 °C, assuming clear water. For this reason,
the CFDM data recorded at Moerel facility are discarded and no adequate correlation between density
and SSC could be found. One reason for the significant low measured densities could be the presence of
air bubbles in the measuring line which were visually detected.

A.2 Flow field characterization

A.2.1 Transition zone

The measurement cross section is located in the transition zone between three rows of coarse and one
row of fine tranquilizing racks at x =−7.4 m. Although the flow has already passed three rows of coarse
tranquilizing racks, the effect of the left-hand bend of the inlet channel is visible. Flow velocities are
slightly higher on the orographic right than on the orographic left side (Figure A.2). Comparing the
longitudinal flow velocity component vx with the mean flow velocity magnitude vm furthermore clearly
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reveals the presence of transverse and/or vertical flow components. Moreover, flow velocities are much
lower near the water surface.
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Figure A.2: (a) Contour plot of longitudinal flow velocity vx and (b) plan view sketch of intake and inlet channel
section at Moerel facility

A.2.2 Basin

The row of fine tranquilizing racks reduces TKE by 35% at X = 0 (Figure A.5). Nevertheless, the
flow field in the first third of the basin is noticeably affected by the left-hand bend of the inlet channel
(Figure A.3). On the orographic left side, flow velocities tend to be decreased compared to the orographic
right side. However, return flow at the water surface on the orographic right side were observed during
the measurements, which can be identified in the data to some extent. The described inhomogeneous
flow field is additionally expressed by transverse (vy) and vertical (vz) flow components (Figure A.4) and
a higher level of TKE. This asymmetric flow field persists until about cross section X = 0.37.

In the further course of the basin, the flow field becomes increasingly homogeneous. Slightly higher flow
velocities were perpetually recorded at the orographic right side. The fraction of vy and vz in the flow
velocity magnitude v levels off at 5 to 20%. kt,m decreases from 60 cm2/s2 at X = 0.37 to 30 cm2/s2 at
X = 0.93. Considering the whole basin reach, kt,m is reduced by 77%.
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Normalized flow velocity vx / vin,m [ – ]
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Figure A.3: Cross sectional contour plots of longitudinal flow velocity vx normalized with mean inlet channel flow
velocity vm,in at Moerel facility
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Normalized flow velocity √(vy
2+vz

2) / v [ – ]
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Figure A.4: Cross sectional contour plots of transverse and vertical flow velocity magnitude normalized with flow
velocity magnitude v at Moerel facility
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Turbulent kinetic energy kt [cm2/s2]
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Figure A.5: Cross sectional contour plots of turbulent kinetic energy kt and cross sectional mean turbulent kinetic
energy kt,m at Moerel facility
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