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Foreword 

 

Pumps are commonly used in wastewater technology, both for sewage transport and in many 
technological applications. In sewage transport, pumps are by far the biggest energy user but 
also decisive for the functioning of the complete system. Currently, most pumping station are 
operated in simple switch on/switch off mode. Since pumps are designed for maximum flow, the 
operation point is in those cases mostly far above the actually required demand. Since the friction 
losses in force mains increase with the square of flow velocity, the key of a minimized energy 
demand is flow control applying frequency control units. However, reduced flow velocity goes 
along with reduced sediment transport capacity. So, the implementation of energy efficient flow 
control in sewage transport in rarely found in practice due to suspected sediment risks. 

The objective of this work is the enlightenment and mathematical description of the governing 
sediment transport processes in wastewater pressure pipelines and the derivation of 
recommendations for a flow control which provides both, energy efficiency and operation 
reliability. 

This work is an important contribution for an improved understanding of sediment transport 
processes of domestic sewage which has significantly different composition than combined 
sewage. In a well structured approach combining lab and full-scale experiments with process 
modelling, Martin Rinas could show a completely different settling and resuspension behavior of 
the mainly organic suspended matter in domestic sewage at separate systems. Based on his 
experimental results in lab and full scale, he successfully developed and calibrated a numeric 
process model which can be used to investigate the effect of pump operation on sediment 
transport. Summarised, due to the almost absence of mineral particles and to the low required 
shear stress for resuspension, domestic sewage pipes could be operated with much lower flow 
velocities compared to existing guidelines.  

Though his findings and model reliability are validated in long-term full-scale operation, the 
implementation in practice remains a long way to go. It requires both, open-minded operators and 
a more differentiated formulation of design and operational standards for wastewater pumping 
stations. In turn, the work can be a valuable contribution to reduce the energy demand in sewage 
transport and this way to mitigate the anthropogenic climate change. 

Large parts of the work were developed in project, funded by the Deutsche Bundesstiftung 
Umwelt DBU. We thank for the successful cooperation with partners in science and practice, 
above all the chair of numeric mathematics at Rostock University, the WILO group and the 
regional wastewater operators Eurawasser GmbH and Nordwasser GmbH.  

 

Prof. Dr.-Ing. habil. Jens Tränckner 
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2 Introduction

2.1 Background

Although it is generally known that global warming is of anthropogenic origin, global
greenhouse gas emissions are rising due to further increases in the primary energy de-
mand [1, 2]. The energy production is primarily based on fossil fuels. If climatic changes
are to be limited as far as possible, alternative energy sources must be used more for
energy production. Furthermore, primary energy production itself and its consumption
must be continuously made more efficient.
The general objective is to limit the rise in temperature. Under the Paris Climate Con-

vention of 2016, it was decided to limit the temperature increase to below 2◦ C (rela-
tive to pre-industrial levels). Furthermore, significant efforts must be made to limit the
temperature increase to a maximum of 1.5◦ C [3]. The agreement is part of the “United
Nations Framework Convention on Climate Change” and will come effective in 2020, re-
placing the Kyoto Protocol. According to the ”IPCC Special Report” of 2018, the 1.5◦ C
target can only be met with great effort in all relevant system areas [4].

Hence, it also includes transitions in urban infrastructure and concluding the water
management sector [4]. A large proportion of energy consumption is attributable to the
water management sector [4–6]. Besides ground- and surface water abstraction, treat-
ment and distribution of clean drinking water, sewage collection and treatment are the
main energy consuming processes in water management. According to [7], wastewater
facilities are the main consumers on municipal level. 20% of the local energy demand
is related to wastewater treatment plants (WWTPs) and pumping stations (PS) [7]. While
savings potentials of up to 25% are estimated in the field of WWTPs, it is also assumed
that there is great potential for savings in the area of the sewage collection [6]. In the
following we will deal with the savings potential of PS.

This above-mentioned assumption is based on the fact that wastewater PS are used
to a large extent for wastewater collection. Mostly for the simple reason that drainage
is otherwise not possible due to geodetic height differences. Hence, sewage PS are fun-
damentally essential and can therefore hardly be deconstructed. The only way to save
energy in sewage collection is therefore to increase the energy efficiency of a PS.
If the savings potential is to be quantified, only estimates can be given. It depends on

the respective shares of the individual system components (e.g., size of the catchment
area, number and size of the pumping stations, type of collection system, wastewater
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treatment and disposal). Local conditions such as treatment technology, topography
and electricity mix, have a considerable influence on the results, see also [8, 9].

The following example illustrates the energy saving potential for the operation of
wastewater PS in an urban region in northern Germanywith a large city and its periphery.
The water company in Rostock (Nordwasser GmbH, Warnow-Wasser- und Abwasserver-
band) is responsible for the supply of drinking water and the disposal of wastewater
for ≈ 268 000 people in a disposal area of ≈ 869 km2. This includes 11 waterworks, 15
sewage treatment plants and a total of 347 sewage PS. Based on the annual report of
the water company, ≈ 64% of the total power consumption for water management is
attributable to the wastewater sector [10]. Of this, ≈ 70% is consumed by WWTPs and
≈ 30% by PS.
In 2018, 3 862 965 kWh electricity was consumed in sum by all PS. At an electricity price

of about 0.15 €/kWh, this corresponds to a financial expenditure of ≈ 580 000€ and to a
CO2 emission of≈ 1831 t (assuming a CO2 emission factor of 474 g/kWh [11]). The average
specific energy consumption of all PS was ≈ 0.12 kWh/m3 (total electricity consumption
devided by total amount of wastewater pumped). This value is comparatively low (see
[8]), although in [10] only the pure energy consumption of the PS was calculated against
the total volume of wastewater pumped. Nevertheless, energy saving potentials still ex-
ist and should be used for economic, ecologic and technical reasons.

Assuming the previously mentioned energy saving potential of 25% for all PS, this
would result in a saving of 965 741 kWh and thus 144 861 € every year. In return, the rein-
vestment of these savings could be used to modernize other technical facilities and
thus enhance the efficiency further on. The savings would also have an impact on emis-
sion levels. The CO2 savings would then amount to ≈ 458 t. These energy savings not
only reduce the greenhouse gas burden on the atmosphere, but also contribute posi-
tively to the companies energymanagement. Energymanagement in turn can lead to tax
concessions, e.g. reduced renewable energy levies. The results are further cost savings
that can be reinvested for optimization. Summarized, in addition to the general effort
to protect the climate, there are numerous economic reasons for companies to increase
energy efficiency continuously.

In order to investigate the potential for energy savings at wastewater PS, the re-
search project ”Untersuchung der Möglichkeiten eines energieeffizienten Betriebsman-
agements von Abwasserfördersystemen” (“Investigation of the possibilities of energy-
efficient operational management of wastewater pumping systems”) was initiated in
2012 [12]. The cooperation included the University of Rostock (Insititute for urban water
management and hydromechanics and Institute for mathematics), the WILO SE and the
Abwasserzweckverband Darß (local sewer systems operator). To increase energy sav-
ings, an energy-efficient pump strategy based on speed control was developed, tested
and optimized in a real sewer system [12–14].
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Ultimately, energy savings of 25% (annual mean value) could be achieved by using the
speed control on the tested PS [13].
The pilot results showed a large savings potential for wastewater operators. However,

it was also concluded that there are risks for the operation. The energy savings are only
achieved in favour of changed operating conditions. This concerns primarily the flow
velocities in the pressure pipe. A reduction of the flow velocity can lead to various risks
for operating safety. In fact, a sewer systems operator will never accept operational
risks in favour of energy savings. Therefore, a follow-up project has been initiated to
investigate the operational risks arising from the energy-efficient control.

From 2014 to 2016, the research project “Optimale Strategien zur Überwachung und
Vermeidung von Sedimentation beim Einsatz drehzahlgeregelter Abwasserpumpen”
(“Optimal strategies formonitoring and prevention of sedimentation in the use of speed-
controlled sewage pumps”) mainly focuses on the operational risks during an energy-
efficient pumping operation at an exemplary PS in Rostock-Schmarl (northern Germany)
[15]. The main objective was to investigate the effects on the sediment transport be-
haviour within a pressure pipe. Finally, it has been demonstrated that an energy-efficient
pumping operation does not exclude a safe sediment transport inside a pressure pipe.

The energy-efficient pump control developed in the two projects is the focus of the
dissertation of Dr. rer. nat. Alexander Fricke, defended in 2015 [13].

The investigation of the sediment transport behaviour in context of this energy-efficient
pump control is the central focus of this cumulative dissertation. It is the result of my
scientific work within the follow-up project.

2.2 State of the art

Pressure drainage systems are used for lifting wastewater from settlement structures in
almost all urban areas. For drainage against the natural slope, the difference in height
and the sum of friction losses (called total hydraulic head) must be overcome by the
pump power of a PS. The design of pressure drainage systems is based on this total
hydraulic head, as well as the expected peak inflow rate. The inflow rate is not generally
known and can be determined for existing systems frommeasurements or consumption
data. For new areas to be planned, this is determined on the basis of technical codes,
e.g. [16].

The pumping capacity of the pump system is designed for this inflow quantity. Thus,
the disposal in case of dimensioning is given. However, the current inflow rate is pre-
dominantly below the maximum flow rate, as peak inflows occur only once a day for a
short period of time. As a result, the PS usually delivers at unnecessarily high flow rates.
Figure 1 illustrates this problem for a PS in Rostock. The dimensioning pump capacity is
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equal to the actual pump demand only for a very short period. For the rest of the day,
there is a more or less strong surplus of pumping capacity. The case in point shows that
the full power two-point control mode leads to an enormous capacity reserve, which is
not needed in dry weather conditions.

Figure 1. Pump capacity dimensioning and diurnal inflow rate to a PS in Rostock

The pump control in Figure 1 shows the usually control mode of a wastewater PS, a
two-point control strategy. The water level in the pump sump rises through the sewage
inflow. The level measurement gives a signal for control as soon as the switch-on level
is reached. The pump then delivers with the rated power. When the switch-off level
is reached, the control unit switches the pump off. In addition, there are controls for
parallel operation and forced runs.
According to Darcy-Weisbach, the friction losses increases with the square of the flow

velocity. The simple two-point control results in high friction losses due to the pre-
dominantly unnecessarily high conveying capacity. The consequences are high-energy
consumption, increased wear of mechanical components due to an increased number
of switching operations and increased sedimentation due to extended pump pauses. It
therefore makes sense to adjust the capacity during periods of low inflow (see also [17]).
The flow rate can be adjusted by controlling the speed of the drive motor by means of
a variable-frequency drive (VFD). VFD are state of the art and are used in many wastew-
ater PS, especially larger ones, to increase efficiency.

Based on a frequency control, an energy-efficient pumping strategy was developed in
[13, 14] and implemented in several PS. The determined, energetically optimal frequency
is specific to the PS and represents the new duty point as long as the simultaneously
measured inflow rate does not exceed it. Otherwise, the flow rate is directly adapted to
the inflow rate. As a result, energy savings between 11% and 47% for different PS could
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be achieved [15]. Further information on the control system are provided by [12–14].

Irrespective of the type of control, a frequency change leads to changed operating
conditions. Reduced flow velocity must be accepted in order to achieve energy savings.
However, this can have a negative effect on the transport of solids and consequently
increases the risk of sedimentation and the formation of deposits inside the pressure
pipe. If thresholds of transport (flow velocity and bed shear stress) are undercut, solids
settling to pipes bottom and may not be eroded again, which leads in its worst case to
pipe blockages.
Recommendations by technical codes, usually minimum flow velocity in pipes, are

intended to prevent deposits formation. In [18] the recommended values for minimum
flow velocities ranges from 0.5m/s up to 1m/s depending on the daily operating time of
the PS and the sewage composition. Further details are not given. Recommendations for
pipe diameters from 100mm up to 200mm with 0.7m/s up to 0.9m/s minimum flow ve-
locity respectively, are given by [19]. [20] recommends minimum flow velocities for pipe
diameters from 100mm up to 400mm with 0.7m/s up to 1.2m/s respectively, at least
once per day. For self-cleaning conditions, flow velocities from 0.6m/s up to 1.2m/s at
least once per day are recommended by [21].

In January 2020, a new technical code, “DWA-A 113: Hydraulische Dimensionierung und
Leistungsnachweis von Abwasserdrucksystemen” (“Hydraulic dimensioning and perfor-
mance verification of wastewater pressure systems”) [22], was published dealing espe-
cially with dimensioning of pressure pipe systems. For the first time, concrete recom-
mendations for transport threshold (minimum flow velocities) depending on the pres-
sure pipe diameter are given. Figure 2 shows the recommended minimum flow velocity
inside the pressure pipe for various pipe diameters, adapted from [22]. These values
must be guaranteed at least once per day according to [22] to prevent deposits forma-
tion. Furthermore, these minimum flow velocities do not include the transportation of
sand.

To get an overview, the technically maximum possible flow velocities of the five main
PS in Rostock are visualized as points in Figure 2. The circular points represent the max-
imum flow velocity in single pump operation for each PS. All angular points mark the
maximum flow velocity in parallel or triple pump operation. It can be clearly seen that
even in parallel or triple operation, the recommended values cannot be achieved. This
means that either the pumps are too small or the pipe is too large, or the recommended
minimum flow velocities are strongly safety oriented. However, the origin of the thresh-
old values given in [22] is not specified.
Concluding, there is a need for further investigations on transport thresholds inside

sewage pressure pipes, because of a lack of reliable data and problems of technical
implementation of recommendations.
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Figure 2. Recommended minimum flow velocity from DWA-A 113 [22] and maximum possible
flow velocity of the five main PS in Rostock.

Operators of sewer systems are anxious to avoid deposits in the sewer system. The
guarantee of operational safety is the focus. Nevertheless, they are also dependent on
an increase in efficiency due to rising operating costs (energy, acquisition, investment
and personnel costs). Moreover, not only commercial aspects play a role. The reduction
of greenhouse gas emissions is a major component of energy-intensive water manage-
ment. As already explained in Section 2.1, reasons for increasing energy efficiency are
numerous.

2.3 Thematic classification

The present cumulative dissertation deals with the effects of energy-efficient pumping
operation on the solid transport in sewage pressure pipes.

In order to classify the present work thematically, the individual contributions must
be categorized in the literature context, as described in this paragraph. Thematically,
this cumulative dissertation can be divided into two main topics: (i) the investigation
and determination of the transport behaviour of particulatematter in raw sewagewithin
a pressure pipe (Chapters 3 to 5). (ii) the simulation of the transport of solids in the pres-
sure pipe to define the effects of energy-efficient pump operation on solids transport
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(Chapter 6), based on the preceding determination of transport parameters.

The literature review in all four contributions showing the clear trend of today’s scien-
tific work. The investigation of the particle transport phenomena (e.g., sedimentation
and erosion) focuses on gravity sewers, mainly carried out in combined systems (see
literature review in Chapters 3 to 5). There are hardly any studies on pure waste water
systems, especially regarding pressure drainage, dealing with sediment transport. Com-
mon methodologies split into ex situ tests (primary laboratory experiments) and in situ
measurements (primary online measurements via sensors).

The present thesis contributes to the investigation of the transport phenomena sed-
imentation and erosion for pressurized sewers by means of ex- as well as in situ meth-
ods. The aim of all four publications is to investigate and describe the sediment trans-
port in sewage pressure pipes under reduced flow conditions. Therefore, each of the
four articles focuses on a specific subfield.

The investigation of the raw sewage sedimentation behaviour is the priority of Chap-
ter 3. By means of a laboratory settling construction (ex situ), numerous settling ex-
periments were conducted with raw sewage samples from the inflow stream to a PS
in Rostock-Schmarl (operated in energy-efficient control, see Section 2.1). Hence, the
results are comparable to similar investigations on gravity sewers. The determined set-
tling parameter α is further used for the sediment transport simulation, see Figure 3.
The laboratory tests were conducted in 2015 and 2016 within the follow-up project. The
research results were published in 2019 as open access publication in Water, see [23].

The focus of Chapter 4 is the definition of the erosion behaviour of the raw sewage
samples from the inflow stream to PS Rostock-Schmarl. The erosion properties of the
wastewater were investigated by a laboratory erosion apparatus (ex situ) in 2015 and
2016. The results are as well comparable to similar investigations on gravity sewers
found in the literature, although there is no standardised design or investigationmethod-
ology. The determined erosion parameters d and τcrit are further used for the sediment
transport simulation, see Figure 3. The research was published inWater Science & Tech-
nology in 2018, see [24].
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Figure 3. Overview and context of the publications. Laboratory sedimentation and erosion
experiments providing the calibration parameters α, d and τcrit. The in situ online

measurements also provide the calibration parameters α and d as well as their hydrographs. In
the final publication, the information is then combined into a sediment transport model. This

allows the sediment transport in pressure pipes to be evaluated.

In Chapter 5, the sedimentation and erosion properties of the wastewater are deter-
mined by online turbidity measurements directly inside the pressure pipe (in situ) dur-
ing the energy-efficient pump control. Two turbidity sensors were installed from 2015 to
2016 in PS Rostock-Schmarl and in the WWTP Rostock. This case-specific investigation
is compared with the laboratory results from Chapters 3 to 4. According to the author’s
knowledge, direct sensor measurements regarding total suspended solids (TSS) inside
wastewater pressure pipes are not part of todays scientific literature. Hence, due to the
lack of alternatives, external literature data could not be compared. The determined
settling and erosion parameters α and d as well as their diurnal variation are further
used for the sediment transport simulation, see Figure 3. The study was published in
2019 as open access publication in Water, see [25].

To gain a better understanding of sediment transport in the pressure pipe (especially
under energy efficient transport conditions), a sediment transport model was devel-
oped in 2015 and 2016 together with the institute of numerical mathematics at Univer-
sity of Rostock. The formerly presented studies providing the calibration parameters (α,
d and τcrit, see Figure 3) for the simulation of the transport mechanisms sedimentation
and erosion. Based on various methodologies, numerous scientific work dealing with
the simulation of the particle transport in gravity sewers (see literature review in Chap-
ter 6). This 1 D numerical simulation is based on amathematical transport approach, the
advection-dispersion equation (ADE). The sediment transport model was extended in
2019 by a pump control simulation that allows the simulation of various pump control
modes and strategies. This allows a large number of scenarios to be created and simu-
lated. The study was published in 2020 as an open access publication inWater, see [26].
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This article represents the last part of the investigations on the solid transport inside
pressure pipes.

Chapters 3 to 6 present all four publications in a thematically meaningful order. There
are no reconciliations between the individual chapters. Section 3.5, 4.5 and 5.5 are added
additionaly within this work. The are dealing with recommendations and notes on lab-
oratory and sensor tests. In Chapters 7 to 8 a summarizing discussion and conclusion
follows. Finally, perspectives on possible future developments in the field are given in
Chapter 9.

2.4 Key points

The transport of solids in sewers often represents an uncertain factor. The sediment
transport is therefore viewed very critically. Recommendations and rules for a safe
transportation seems to be mostly one-sided and safety-oriented. Results from com-
bined sewage that is highly susceptible to sedimentation and difficult to erode are used
as references due to the lack of alternatives. However, as already mentioned in [27], the
results cannot simply be transferred to other drainage systems.

This arises from the fact that each drainage system differs in the drainage method
(combined- or separation system), the connection structure and wastewater composi-
tion (domestic, commercial and industrial sewage) and, last but not least, the catchment
area structure (building density, degree of sealing, etc.). Hence, values of transport are
case-specific. The transport behaviour of raw sewage from separate sewers is different
to combined sewage or storm runoff. A wastewater case-specific consideration should
be the basis for the evaluation of the transport of solids in the respective wastewater
system. Especially since new drainage systems are necessarily constructed as separat-
ing sewers, the following question arises: why should recommendations from the in-
vestigations of combined sewers be implemented in separating sewers?

Energy saving intentions leading to reduced flow conditions in sewage pressure pipes.
Therefore, precise knowledge of the transport behaviour of the wastewater is of particu-
lar importance here, as maintenance and repair measures on pressure pipes are difficult
and can cause considerable costs that overweigh possible savings. Is an energy-efficient
pump control able to work successfully at all, taking into account the local wastewater
composition?

It follows that the clarification of the individual transport characteristic is the basic
prerequisite for the application of an energy-efficient pump control. The transportation
of solid matters in raw sewage can be expressed by simple transport parameters. It
is sufficient to define transport parameters for the effects sedimentation and erosion.
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Both can be determined by means of ex situ laboratory experiments. Alternatively, tur-
bidity sensors, even directly mounted inside a pressure pipe, can also be used for the
characterization of the transport behaviour. Furthermore, the ex- and in situ measure-
ments are also able to describe the modification of the transport characteristic, e.g. by
storm water inflow.

Additionally, a detailed insight into the transport behaviour within the sewer can be
gained by creating a sediment transport model based on the transport parameters re-
sulting from the above described measurements. This allows the evaluation for various
pump strategies based on a combined pump-, sediment transport simulation for pres-
sure pipes.

In this way, it can be demonstrated that it is possible to reconcile reliable wastewater
pumping with an energy-efficient control strategy. Ultimately, a case-specific investi-
gation can provide suitable recommendations for an optimal pump control regarding
energy saving and transport of solids.
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3 Sedimentation of Raw Sewage:
Investigations For a Pumping Station in
Northern Germany under Energy-Efficient
Pump Control

3.1 Introduction

Sewage transport in urban drainage systems involves in many cases the use of PS.
Pumps are usually designed to handle maximum design inflow, which rarely occurs un-
der normal operating conditions. Typically, a PS is operated in a simple switch-on/switch-
off mode. While the pump sump is filled with sewage the pump switches on at a defined
level before overflow occurs and switches off before it runs dry (two-point control). For
most inflow conditions, pump flow exceeds by far the actual demand, resulting in un-
necessary friction losses and consequently in a high energy consumption.

The key of a minimized energy demand is the reduction of friction losses, result-
ing from low flow velocities and engendered lower shear stress in connected pressure
pipes. To increase efficiency and minimize energy demand, sewage PS can be equipped
with frequency control. Combined with an intelligent, rule-based control strategy, sig-
nificant energy savings can be achieved [14]. Identified side effects are the reduction
of operation and maintenance costs and an expected increased durability of pumping
aggregates, armatures and electric engines due to smoother operation conditions.

A benefit of a typical two-point control lies in its high design flow, as recommended
flow velocities to avoid sedimentation risks are ensured in switch-on mode (e.g., in Ger-
many a flow velocity of 0.6 to 1.2m/s inside a pressure pipe system at least once per
day, [21]). The challenge in energy optimization of PS is therefore to consider recom-
mended flow velocities to avoid sedimentation risks and minimize energy demand in
parallel. Hence, there is a trade-off between minimization of energy consumption and
safe sewage transport avoiding blockage.

For good reasons operators of PS evaluate the safe sewage transportation higher than
possible energy savings. By feeling, most operators assume that switch-on/switch-off
mode is less risky with regard to sediment formation. But this estimation suffers from: (i)
unknown knowledge of the actual settling behaviour of local sewer and
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(ii) missing information about the occurrence of settling processes inside the pump-
ing system. Hence, detailed information of both parts helps to control those systems in
an efficient and reliable way. Applied correctly, the presented information in this article
helps to increase the efficiency of the sewerage systems regarding energy optimization
and sediment transport at once.

Sediments in sewers have for decades been the subject ofmany investigations,mainly
focusing on combined systems. Many experimental procedures to determine settling
behaviour of sewage are proposed, with different pros and cons. Starting with inves-
tigations on combined sewer overflow events [28], several experiments and methods
have been developed to understand and describe sedimentation processes in sewer
systems [29–34]. The original driver has often been the assessment of particle bound
pollution transport in combined sewer systems [33], or stormwater systems [34, 35]. The
underlying principle of those activities is to determine particle mass fractions of differ-
ent settling velocity classes by laboratory experiments (ex situ), mainly performed in
settling columns (also used for river sediments [36]). In situ devices are trying to define
the settling velocities for individual or specific types of particles, e.g., by image analy-
sis of synthetic spheres [37], by optical backscatter sensors for sediment flocs [38], or
fine-grained sediments of estuaries [39].

Theoretical work is trying to describe the settling process by models (e.g., the effect
of lift forces on the settling behaviour by [40]) or equations for the settling velocity of
particles and sediments [41–43]. Often, experimental data of settling experiments are
processed by fitting a sigmoidal logistic function M(t) [44–46]. After fitting three pa-
rameters b, c and d within the M(t) function, settling velocity curves F (vs) enable a
continuous description of accumulated mass fraction as function of the respective set-
tling velocity.

The foremost objective of this article is to minimize energy demand in operation of
a PS without risking unintended sediment formation in connected pressure pipes. How
flow control influences this system is a priori hardly predictable, since lower flow ve-
locities increase sedimentation risk while shorter pump pauses reduce it. This work
contributes to this subject by addressing the following aspects:

• investigation of the settling behaviour of typical raw sewage at the inflow side of
an urban influenced PS

• evaluation of the modification of the settling behaviour by wet weather inflow
(road runoff)

• calculation of the sediment formation inside the connected pressure pipe in (i)
two-point control and (ii) energy-efficient control

• verification by determining the deposits height inside the pressure pipe by a daily
observation of the pipe curve.
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3.2 Materials and Methods

3.2.1 Pumping Station, Control Modes and Monitoring

Pumping Station

The studied PS Rostock–Schmarl is located in the city of Rostock in northern Germany.
The PS is mainly influenced by untreated domestic sewage (≈ 40 000 inhabitants) com-
bined with industrial/commercial wastewater (hotels, shipyards, local municipal util-
ity, cruise ships). Although main roads runoff is also connected to the PS, it is part of
the separate sewerage system in Rostock (roof runoff is discharged into a storm wa-
ter system). Under dry weather conditions, pure sewage is transported, with its spe-
cific particle characteristics (low density, no ideal sphere form of particles, flocculate-
matter and synthetic material as a mixture, particle interferences, sewage composition
changes permanently). The connected separate sewerage system sums up to 80 km. The
PS is equipped with a rake on the inflow side (space bar opening of 20mm) to retain
large obstacles. The sewage is transported in two parallel pipelines (cast iron, diame-
ter = 600mm, length = 4100 m) by four pumps, each with a power of 55 kW, to the central
WWTP in Rostock.

Two-Point Control

The usual operation mode of PS Rostock–Schmarl is a typical two-point control strat-
egy in which pumps switch on and off at defined water levels inside the sump. The PS
is equipped with a VFD to balance the feed to the WWTP. By this, mains frequency is
reduced from 50Hz to 43Hz. Accordingly, power input, engine speed, flow and friction
losses are reduced, so next to the balanced feed, energy savings can already be achieved
by the two-point control. The key aspects of this control strategy are shown in Table 1.

Table 1. Key aspects of pump control modes for PS Rostock–Schmarl

Control On- Off- Operation at Soft start Duty Duty Control
strategy level level frequency duration point Q point H rules

(m) (m) (Hz) (s) (L/s) (m)

Two-point 0.8 0.4 43–45 60 130 17.8 Transport
control rules

Rule-based 0.8 0.4 41 60 110 17.45 Energy- &
control (energy optimum) transport rules

Rule-Based Control

To achieve further energy savings, a rule-based control strategy was added to the PS
for one year. Pumps were controlled by a PC, while the control rules were formulated
in Matlab. The rule-based control is explained in detail in [14]. The general idea is to
pump only the incoming flow until the energetic minimum (expressed as kWh per m3)
is reached. Lower flows (i.e., frequencies and impeller speeds) would lead an increased
energy demand because of a decreasing degree of efficiency.
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In case of lower inflows, the PS operates with the energy optimal flow and shuts off
when the sump runs empty. In the case of PS Rostock–Schmarl the energy optimum is
reached at 41Hz. In a condensed formulation, the following control rules apply:

if water level > shut off level
begin operation mode = ON

if inflow > optimal flow
operate at inflow

else
operate at optimal flow

end
else

operation mode = OFF

Further restrictions have to be considered for a safe sewage transport (transport-
rules): minimum flow rate to open check valves, on-off-level restrictions of sump, empty
sump regular, min/max engine speed and minimum flow rate to avoid sedimentation
formation, flush pipes regular. Key aspects of the control strategy are shown in Table 1.

Monitoring

To verify the influence of the control modes on energy consumption and sediment for-
mation inside the pressure pipe, 10 parameters were logged over two years (one year in
each control mode). On the feeding side of the PS: sump level (m) and inflow (L/s). Re-
garding the pumping aggregate: power input (kW), frequency (Hz), engine speed (1/min),
torque (Nm), voltage (V). On the outflow side of the PS: pressure (bar), flow (L/s),
TSS (mg/L). Power input, frequency, engine speed, pressure and flow were used in this
work for the investigation of sediment formation inside the pressure pipe.

3.2.2 Sampling and Experimental Procedure

Sampling

Altogether, 21 dry- and wet-weather samples were collected from the inflow channel of
PS Rostock–Schmarl, during the rule-based control mode period. By this, raw sewage,
under dry weather conditions, as well as, combined sewage with road runoff, was col-
lected. Immediately after the samples were taken from the middle of the feed channel
(1200mm diameter) with a ladle, the initial particle concentration (analysis according to
[47] by filtration and weight loss) was determined and the settling experiment started.
Table 2 shows two selected samples including sampling time, sampling volume, initial
total suspended solids TSSref and related precipitation data.

The selected dry weather example is representative for a maximum daily inflow under
dry weather conditions, while the wet weather example represents a nominal inflow, in-
fluenced by a rain event with a long duration and changing intensity. The rain events
were measured by a weather station of the German Weather Service (DWD) located in-
side the catchment area.
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Table 2. Characteristics of selected dry- and wet-weather examples

Sample Sampling Sampling TSSref Remarks
time volume

(L) (mg/L)

dry 10:00 a.m. 30 390.2 Dry weather inflow

wet 01:00 p.m. 30 544.8 Wet weather inflow: Precipitation height
= 10.1 mm/d

Experimental Design and Procedure

The experimental setup and post-processing of data should provide a reasonable com-
promise between applicability in operational practice, reproducibility and expressive-
ness concerning the sedimentation characteristics of a distinct raw sewage sample.
After a thorough literature review, two methods were combined to determine the set-
tling behaviour of the collected samples. The experimental setup follows the VICPOL
protocol [33]. The process itself is simple and the experimental conditions are com-
parable to real world conditions in stagnant pressure tubes. For the subsequent data
processing, the related VICAS protocol [48] was applied to describe the distribution of
settling velocities in the sample as continuous mathematical function.

Figure 4 shows a schematic view (similar to [33]) and a photo of the construction.
The VICPOL protocol determines n mass fractions with their specific settling velocity
vs (mm/s), by dividing the sewage sample into n sub-samples with n settling times. The
choice of the best suitable settling times varies with sewage characteristics.
After several pre-tests, a time range between 15 s and 24h settling was found to cover
the expectable range of settling velocities (Table 3), tending to smaller intervals at the
beginning, according to the high settling dynamics of wet weather samples. The exper-
iment itself is processed within three main steps:

1. Filling tank and columns: Storage tank is filled with the sewage sample from the
PS (30 L). Seven settling columns (each volume Vc = 2.415 L, heightHc = 380mm) are
filled subsequently via separate tubes by gravity from tank till overflow. Settling
starts immediately.

2. Settling: Parallel settling in all seven columns until the specific settling duration t

reached.

3. Sampling and TSS analysis: After the specific settling duration t , a sample (vol-
ume =0.345 L) is extracted from the bottom of the respective column i and anal-
ysed for TSS. The samples were extracted using a central vacuum pump, connected
to a 10mm glass tube, ending 10mm above columns bottom.
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3 Sedimentation of Raw Sewage

Table 3. Settings for settling tests

Settling column i 1 2 3 4 5 6 7

Settling duration t (s) 15 45 180 420 1800 14 400 86 400

Settling velocity vs = Hc

t
(mm/s) 25.3 8.4 2.1 0.9 0.2 0.026 0.004

Figure 4. Designed and constructed experimental setup for settling measurement of raw
sewage at University of Rostock.

The execution of settling experiments generate TSS and additional chemical parame-
ters from the original sample and from the seven settling columns. The sampling volume
(0.345 L) multiplied by seven (columns) equals to a total column volume of 2.415 L. The
total reference particle mass of each column i, (TSSref multiplied by Vc) must corre-
spond to the sum of the ∆TSSi (TSSi − TSSi−1) of each column i multiplied by sam-
pling volume (100% settling assumed), see Equation (1). This relationship is helpful to
define the required maximal settling time and for error evaluation.

∑n
i=1

∆TSSi

(
mg
L

)
·2.415(L) ≤ TSSref

(
mg
L

)
·2.415(L) = total particle mass(mg) (1)

If the relationship from Equation (1) is true, the TSS data is numerically adjusted to a
sigmoid functionM(t) (Equation (2), [46]), according to method 2 of the VICAS protocol
[48]. The fitted M(t) function, a description of the cumulative growth of the settled
mass, leads to the S(t) function in Equation (3), the cumulative growth minus the pre-
settled mass. Finally, the S(t) function is transferred into the settling velocity curve
F (vs), Equation (4), describing the cumulative settling velocity distribution.

M(t) = S(t) + t
dM(t)

dt
=

b

1 +
(
c
t

)d (2)
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3.2 Materials and Methods

S(t) = M(t)− t
dM(t)

dt
=

b
(
1 + (1− d)

(
c
t

)d)

(
1 +

(
c
t

)d)2
(3)

F (vs) = 100
(
1−

S(t)

total Mass

)
(4)

3.2.3 Calculation of Sediment Formation and Deposits Height in the Pressure
Pipe

Sediment Formation

The sediment formation in the pressure pipe, calledms (mass settled), is defined as the
cumulative settled mass within each switch-off sequence. The settled mass is based on:
(i) the settling behaviour of the raw sewage expressed by experimentally derived F (vs)

function and (ii) the cumulative settling duration ts during each switch-off sequence.
For a comparison of the control modes, the mean cumulative settling duration ts (s) is
calculated for all switched-off sequences over the studied period (Equation (5)), where
nts is the number of logged data points in each switch-off sequence). A diurnal course
of the settling duration inside the pipe is the result.

ts =
1

nts

nts∑

i=1

ts,i (5)

All mass fractions with a settling velocity vs (mm/s) larger than required to pass the
pipe diameter within the mean cumulative settling duration ts (termed vs,pipe, settling
velocity threshold of the pipe), are defined to form sediments. The related mean settled
mass mS (%) is calculated using Equation (6).

ms(ts) = 100− F
(
vs,pipe(ts)

)
(6)

With vs,pipe, the settling velocity threshold of the pipe calculated by Equation (7).

vs,pipe(ts) =
pipe diameter

ts
(7)

As a result, the mean sediment mass at switch-off mode is derived for each control
mode as a mean diurnal course.

Deposits Height

The above described approach simplifies real world conditions and needs to be vali-
dated by data of actual sediment formation. However, an integrative deposit height in
the pressure pipe cannot be measured directly. Though, an increase of deposits leads
to a reduced cross section which in turn increases friction losses. This relation is used
to inversely estimate deposit heights from the pipe curve (pressure height = f(flow)).
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3 Sedimentation of Raw Sewage

For this, the cross section of the pipe is split into two segments: (i) the free cross section
where water is transported AT (m2) and (ii) the cross section occupied by sediments
As (m2). Applying the geometric relationships of a circle, the area AT , wetted perimeter
PT (m) (Figure 5) and hydraulic diameterDT (m) of free cross section are calculated with
Equation (8) to Equation (10).

AT = Pipe cross section−As =
πd2

4
− d

4

(
d · arccos

(
1− 2hs

d

)
−2

√
hs(d− hs) ·

(
1− 2hs

d

))
(8)

PT = π · d− Ps + w = π · d− d · arccos
(
1−

2hs
d

)
+2

√
hs(d− hs) (9)

DT =
4 ·AT

PT

(10)

Figure 5. Definition of a pressure pipes geometric parameters for the calculation of the
deposits height, AT = free cross section for transport (m2), As = deposits cross section (m2),
PT =wetted perimeter (m), Ps = deposits perimeter (m), w = deposits width (m), hs = deposits

height (m), d = pipe diameter (m).

The pipe curve was daily acquired by varying the control frequency of the pump to
achieve inminimum three (m = 3) data sets of flowQ (m3/h) and related pressureH (m).
The data sets were adjusted to a second order polynomic functionHA(Q) describing the
current pipe curve by Equation (11) to Equation (12), with fitting parameters a0, a1 and
a2.

HA(Q) = a0 + a1 ·Q+ a2 ·Q
2 (11)

min
a0a1a2

m∑

i=1

(
Hi −HA(Qi)

)2 (12)
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In a second step, the deposit height hs (m) is estimated solving Equation (13).

min
hs

m∑

i=1

(
hgeo + hr,i −HA(Qi)

)2 (13)

With hydraulic head hgeo (m) and hr (m), the calculated friction loss according to Darcy–
Weisbach, by Equation (14).

hr =
(
λ ·

l

DT

+
∑

i

ζi

)
·
v2

2g
=

(
λ ·

l

DT

+
∑

i

ζi

)
·

Q2

2g36002A2
T

(14)

where λ (-) is the friction factor (calculated after the Colebrook-White equation), ζ the
discharge coefficient (-), pipe length l (m), hydraulic diameterDT (m), g the acceleration
due to gravity (m/s2) and v the flow velocity (m/s). v can be replaced by the flow rate
Q (m3/h) and the free cross section for transport AT (m2).

3.3 Results and Discussion

3.3.1 Monitoring the Control Modes

The results of the continuous monitoring of PS Rostock–Schmarl is shown in Figure 6.
A stacked bar graph illustrates the settling and pump duration per day (h), which always
sum up to 24 h. The mean daily frequency (Hz) is given as hydrograph, while daily pre-
cipitation P is visualised in inverse direction as bars (mm/d). The sampling dates for
the lab scale experiments are indicated. The varying settling and pump duration is a
consequence of the control mode and the inflow condition. Pumps, controlled in rule-
basedmode, are working for longer sequences at the energy optimal frequency of 41Hz,
leading to longer switch-on sequences. Accordingly, the sum of the daily settling dura-
tion decreases significantly (average daily settling duration 11.9 h). Pumps, controlled
in two-point mode, working for shorter sequences in the predefined frequency (43Hz).
The sum of the daily settling duration increases (average daily settling duration 15 h).

Next to the control mode, the pump duration is influenced by the sewage inflow as
well. A rainfall event increases the inflow rate (main roads runoff), which leads in both
control modes to longer pump sequences. If the inflow is too high, a second pump is
switched on automatically (parallel pumping). This, in turn, decreases the pump dura-
tion due to higher flow rates. The effect of longer pump sequences is more pronounced
in rule-based mode, because of the formulated rule: if inflow> optimal flow, then oper-
ate at inflow. This delays parallel operation. In two-point control mode, pumps operate
at a constant level until the critical limit is reached. The effect of longer pump sequences
is greatly reduced.
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3 Sedimentation of Raw Sewage

Figure 6. Results after two years monitoring PS Rostock–Schmarl: daily settling and pump
duration as stacked bar graph, frequency hydrograph and precipitation including marks for

sampling dates.

All these effects create the up-and-down course of the settling and pump duration in
Figure 6. The average daily frequency hydrograph follows this course. A high frequency
in two-point control leads into a maximized settling duration (e.g., 16 h settling with
44Hz frequency on day 631). The same high frequency in rule-based control, leads to a
greatly reduced settling duration (only 8.3 h on day 484).

The effects of a reduced settling potential are: (i) the control rules and (ii) a reduction
of the frequency (reduced flow rate). It can therefore be expected, that the significantly
reduced settling durations in rule-based control, will lead to less dangerous sediment
formation. This becomes evident, regarding the diurnal course of the sedimentation
process in combination with the settling properties of the raw sewage.

3.3.2 Settling Properties of Dry and Wet Weather Samples

Sediment formation inside the pipe is, next to the duration of the settling sequences,
linked to the settling properties of the transported raw sewage. A fast settling mixture
causes sediment problems, even within short settling sequences. With the characteri-
zation of the sedimentation behaviour based on the explained experimental procedure,
a first estimation of the sediment formation in the pipe can be made. The settling be-
haviour of the transported raw sewage for PS Rostock–Schmarl is expressed as settling
velocity curves F (vs).
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3.3 Results and Discussion

The resulting F (vs) for dry and wet weather sample (from Table 2), are shown in Figure 7
(line plot). The boxplots indicate the determined settling characteristics of the sewage
inflow of PS Rostock–Schmarl due to numerous experiments.

Figure 7. Results for settling measurement of sewage samples from PS Rostock–Schmarl,
exemplary settling velocity curves F (vs) for a wet (a) and dry (b) weather sample including fit
results, boxplots with results for all collected samples and average settling velocity thresholds

of two-point- and rule-based pump control.

The experimental procedure and subsequent calculation methods are well applica-
ble for both inflow conditions. The M(t) function (Equation (2)), as basis for the F (vs)

curves, is characterized by fitting results with a minimum R2 of 0.98 and a maximum
root-mean-square error (RMSE) of 0.037. This enables well founded statements about
the settling characteristics of the raw sewage inflow. An in depth investigation of the
experimental procedure, provided by [48], has already shown the applicability to dry-
and wet-weather sewage samples as well as the reproducibility of the experimental
procedure.

The sewage settling characteristics showing significant differences due to the inflow
condition. Settling velocity curves measured for storm water conditions (”wet curves”)
tend to faster settling. This behaviour is well known in the literature [33, 48, 49]. A strict
decline was observed from the fourth (1.43mm/s =̂ 420 s settling) up to the last mea-
surement (0.00694mm/s =̂ 24 h settling). In contrast, curves measured for dry weather
inflow condition (”dry curves”), tending to gradual decline, with a flattened end at 24 h
settling. This variation in the settling behaviour can be lead back to two main reasons:
(i) particles washed off (road runoff) and entering the sewer network and (ii) high flow
rates (after rain events) inside the feeding channels, spilling particles from wash-off
and previously deposited sediments to the PS. In fact, the proportion of each particle
(velocity) class changes by a runoff event.
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3 Sedimentation of Raw Sewage

[33] also mentioned the erosion of deposits due to higher mobilization in combined
flows as a reason for a faster settling of wet weather samples (see also [49]).

Table 4 shows the average proportional change in each vs-class, from dry to wet
curves. Especially the proportion of particles with vs from 0.007mm/s up to 1.43mm/s
increases (in sum54.5%). It shows, that primarily medium-speed particles were washed
off and entered the sewer network. The proportion of particles with vs≥ 1.43 mm/s
(fast settling particles) increases only marginally (in sum 10.94%). The proportion of
the slowest particle class decreases drastically (−65.43%), according to the increase
of the medium speed fraction. The key message is here: the particle spectrum did not
change from dry- to wet-weather inflow (same vs-classes observed), but rather the pro-
portion of particles, especially in the medium speed fraction.

Table 4. Results for settling measurement of sewage samples from PS Rostock–Schmarl,
average change in class proportion from dry to wet samples

vs range F (vs)wet − F (vs)dry

(mm/s) (%)

vs ≥ 40 +1.19
13.3≤ vs < 40 +1.55
3.3≤ vs < 13.3 +3.72
1.43≤ vs < 3.3 +4.49
0.33≤ vs < 1.43 +17.19
0.04≤ vs < 0.33 +22.98
0.007≤ vs < 0.04 +14.33

vs < 0.007 -65.43

Comparing the F (vs) curves to the literature [33, 48, 49], the particulate matter of the
collected samples at PS Rostock–Schmarl settles significant slower, regardless to the in-
flow condition (dry, wet). This might be to design of the PS upstream sewerage system,
as a separating sewer but with a main road runoff connected. Typical sewerage systems
investigated in the literature are namely combined sewers or storm water systems [33,
34, 48, 49].
To get a first insight into the settling process inside the pressure pipe, the average set-
tling velocity thresholds of the pipe (vs,pipe), one for each control mode and inflow con-
dition, are shown in Figure 7 (vertical line plots). These were calculated from the overall
average settling duration in the switch-off sequences over two yearsmonitoring, in rule-
basedmode to 813 s (0.74mm/s respectively) for dry weather inflow and 796 s (0.75mm/s
respectively) under combined inflow, while in two-point mode to 5454 s (0.11mm/s re-
spectively) for dry weather inflow and 4762 s (0.126mm/s respectively) under combined
inflow. Particle classes with vs ≥ vs,pipe, settle completely. With all four vs,pipe values
lying in the range of the medium speed particle classes, the changed particle compo-
sition due to the combined inflow affects the settling processes in both control modes,
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3.3 Results and Discussion

but significantly reduced in rule-based mode. In rule-based control, higher vs,pipe is the
result of the formulated control rules (with pump flow= inflow, 17.13 h parallel mode in
the studied period). Especially for a combined inflow, with pipe flow= inflow, the for-
mulated control rules leading into shorter parallel pumping sequences (in sum 17.13 h
in one year). In two-point control, pumps switch earlier into parallel mode (with pump
flow≫ inflow, in sum 141.7 h in one year), resulting in a lower vs,pipe and a high sediment
formation potential. Accordingly, a significant reduction in deposits formation has to be
expected for combined inflow, while a slightly change for dry weather inflow is assumed.

3.3.3 Sediment Formation

An in-depth insight into the pumping process allows well-founded statements about
the sediment formation. Detailed pumping data is analysed with Equation (5). The re-
sults are shown in Figure 8 within six single plots, where the left three plots show the
results for the rule-based mode and the right three plots the two-point control results.
The first row shows the average diurnal course of the settling duration. By the use of
Equation (7), this course is transformed into a diurnal course of the settling velocity
threshold vs,pipe (second row). Particle classes with vs> vs,pipe settle completely. Know-
ing the settling properties of the transported raw sewage (F (vs)) leads to the sediment
formation profile, using Equation (6), see Figure 8, third row.

Both settling duration profiles (dry andwet) in the two-point control (upper right plot)
show the invert course of a typical sewage inflow for an urban PS. This course is still in
existence in rule-based mode (upper left plot), but because of the formulated control
rules significantly smoothed. It results in reduced settling sequences, primarily during
phases of low inflow (09:00 p.m. to 09:00 a.m. and in the afternoon). Pump pauses of
2.5 h during the night were reduced to ≈ 40min by the rule-based control. Besides, it
leads to a more balanced feed of the WWTP, by a significant reduction of peak loads.

The vs threshold profiles are changing accordingly. Consistently, higher values result-
ing, with vs,pipe≥ 0.5mm/s in the night phases (while < 0.1mm/s in two-point control).
From ≈09:00 a.m. to 11:00 p.m. vs,pipe does not fall below 0.74mm/s, with peaks up to
2.25 mm/s in the afternoon. Under combined inflow, nearly the same vs,pipe profile oc-
curs, with peaks of 3.5mm/s in the afternoon. High vs,pipe values in two-point mode were
only reached during phases of high inflow, especially under combined inflow with peaks
up to 1.75mm/s. However, higher vs,pipe values under combined inflow (for both control
modes) are counteracted by the faster settling characteristics during rain events. The
respective sediment formation profiles clearly shows this situation. The sediment for-
mation is dominated by the settling characteristics of the sewage.
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Figure 8. Results for sediment formation calculation after two years monitoring, average
diurnal courses of the settling duration (a and b), settling velocity threshold (c and d) and

settled mass (ms) on pipes bottom (e and f), for rule-based- (a, c and e) and two-point control
(b,d and f).

Figure 8, third row shows the effectiveness of the control rules, especially under com-
bined inflow. The peaks of the sediment formation could be reduced from ms = 63%
(two-point control) to ms = 39.4% (rule-based control). Assuming the TSS content from
Table 2 for combined inflow, the deposits amount, inside the whole pipe, decreases here
from≈ 398 kg (Apipe · lpipe ·TSSwet ·0.63) to≈ 240 kg (. . . ·TSSwet ·0.394) by 158 kg. In con-
trast, the peak deposits decrease for dry weather inflow from ≈ 93 kg (. . . ·TSSdry · 0.2)
to≈ 70 kg (. . . ·TSSdry ·0.156) by only 23 kg. The difference in the control modes becomes
clearer with the mean mass on pipes bottom: under rule-based control the mean mass
calculates to 7.5% (dry weather inflow) and 24.2% (wet weather inflow), while under
two-point control 15.4% of the initial TSS content reaching the pipes bottom under dry
weather inflow and 49.3% under combined inflow. On average, the sediment formation
is halved by the rule-based control. The timing of the peaks are marginally affected by
the control modes (06:51 a.m. and 06:57 a.m. for combined inflow and 07:51 a.m. and
08:04 a.m. for dry weather inflow). So, the sediment formation (and the risk of block-
ages) is at its maximum in the morning, just before the feed to the PS rises again.
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Conversely, the sediment formation is at its minimum at a high dry weather feed (e.g.,
08:50 p.m. and 09:00 p.m.). The constellation of a slow settling sewage and short pump
pauses leads to weak deposits. Only 16.4 kg reaching the bottom of the pipe in rule-
based (. . .TSSdry · 0.036) mode and 27.6 kg in two-point control (. . . ·TSSdry · 0.06).

Summarized, the expected reduction of the sediment formation, from two-point to
rule-based control, could be verified by linking the experimental settling characteristics
to the high-resolution pumping data. It allows detailed statements about the diurnal
sediment formation, which helps to improve the energy savings, as well as the more
balanced feed to the WWTP, over 24 h.

3.3.4 Verification by Calculated Deposits Height

To ensure a trouble-free sediment transport beyond 24 h, the pipe curve was deter-
mined in a daily interval, using Equation (12). Subsequent, the calculation of the de-
posits height hs, by Equation (13), shows the sediment layer thickness over the studied
period of two years, see Figure 9.

Themean deposits height in rule-basedmodewas calculated to 0.137m, while for two-
point control to 0.174m. Split into dry and combined inflow, the mean deposits height
results in: rule-based dry hs = 0.1375m, combined hs = 0.1372 m, two-point dry hs = 0.1762
m, combined hs = 0.1721m. In rule-based mode, hs is significantly reduced, due to longer
pump intervals.

However, in both control modes the average deposits height under dry weather flow
is higher compared to combined inflow. As seen in Figure 9, the rain events affecting
hs. Sediments washed-off from main roads or eroded inside an upstream sewer spilled
to the PS, changing the settling characteristics and increasing the deposits height long
lasting. Apparently, the sediments height increases especially the day after a rain event.
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Figure 9. Results for calculation of the deposits height after two years monitoring, settling
factor sf (-) as ratio between the daily settling and pump duration and precipitation P (mm/d)
(a) and deposits height hs (m) including simple moving average over 14 d (b). a) significant
increase of hs after intense rain (15.2 mm/d), b) hs reduced by parallel pumping (high sf ), c)

increased hs after intense rain (16.2 mm/d) in rule-based mode, d) increased hs after
re-installing two-point control in parallel with intense rain (33 mm/5d), e) decrease of hs by
parallel pumping after long rule-based period with smooth hs increase, f) fast increase of hs

after re-installing two-point control, g) hs normalized under two-point control mode to initial
values.

Figure 10 shows the change of the deposits height by specific rain events for both
control modes. The deposits height increases with rain events (at day 0), but especially
after intense ones with reaching its peak one day after the rain event (day one). Within
the two-point control, the deposits change at day 0 is at + 5 cm, while one day after this
change is at + 5.5 to 6 cm (0.5 cm to 1 cm further increase to day 0).
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On the following days, hs decreases slowly (- 3 cm to day one). However, hs is still higher
compared to the day before the rain event (+ 3 cm). hs at day 0 is reduced to + 2 cm,
while one day after a rain event hs increase again by 1 cm (+ 3 cm in total). On day two
hs decreases by 2 cm, but is still 1 cm higher to the initial value. So, the hs increase is
halved by the control rules (if inflow > optimal flow, then operate at inflow) and the
main effect itself is limited to day one after rain events.

Figure 10. Results for the calculation of the delayed increase of the deposits height hs inside
the pressure pipe after specific rain events for rule-based (a) and two-point control (b).

As the rain events affecting hs in both control modes up to several days, there are two
fundamental findings: (i) washed-off particles entering the upstream sewer were not en-
tirely spilled to the PS within the storm flow. Deposited particles in the upstream links
are then spilled progressively to the PS, which creates the further increase at day one
after the rain event. This effect is significantly reduced in rule-based mode. (ii) Slowly
decrease of hs starts after peak hs increase reached at day one after a rain event, in-
dependently to the intensity of the event. Due to a stronger hs increase in two-point
control, this decrease phase lasts longer compared to rule-based mode. This long last-
ing change of hs leads to a higher power consumption, due to a reduced cross section.

Next to the evidence of a significantly reduced settling potential, the gained infor-
mation can be used to solve typical problems in the operation of wastewater facilities.
As an example: To overcome increased sedimentation risk, operators often flush pipes
randomly. A more targeted pipe flushing is more effective and efficient. Based on the
discussed findings, pipe flushing is optimal on day two after a rain event (with no regard
to the intensity). However, even after long periods without pipe flushing (see point e in
Figure 9), priory deposited particles due to several rain events can easily be removed
by parallel pumping.
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The calculation of the deposits height clearly shows, that a long term energy saving
pumping operation does not lead into an increased sedimentation risk, compared to a
conventional pumping operation. In turn, it even reduces the sediment formation sig-
nificantly, next to the energy savings. This statement can be verified by the results of
Chapter 4, where the erodibility of settled raw sewage sediments itself was investigated.
The results show that under the energy-efficient control, a resuspension of particles can
be guaranteed.

A comparison to the literature regarding the monitoring of sediment heights is hardly
available, thus the investigations mainly concentrating on open channel flow, e.g., [50,
51]. Furthermore the used techniques, such as imaging techniques or ultrasonic sensors
[50] or sonar devices [51], differ greatly to the presented approach.

3.4 Conclusion

The paper presents settling experiments of municipal raw sewage, their interpretation
and their application for the investigation of the sediment formation for an energy-
efficient controlled pumping system. The presented results were verified by an indirect
determination of the deposits height inside the pressure pipe. Based on the above dis-
cussed findings, the following conclusions can be drawn:

• the adapted experimental setup (VICAS/VICPOL-protocol) is robust and provides
reproducible results

• settling behaviour from dry to combined inflow changes significantly in medium
speed classes

• pump pauses decrease/pump sequences increase from conventional two-point
control to rule-based control

• rule-based mode allows higher threshold values of settling velocity, especially for
combined inflow, followed by a significant reduction of the sediment formation

• pipe curve observation leads to reliable findings about the deposits height

• daily variations in deposits height were registered, but no significant increase in
sedimentation risk.

Summarized, no disadvantages arise over a long period by installing the energy-
efficient operation mode. On the contrary, the energy saving pumping operation even
lead to a reduced sediment formation potential under the investigated conditions.

Advances in sewage transport, such as energy optimization, are often driven urban
water models. Those numerical simulations need accurate calibration data. Providing
precise data enables concise models and as a result more sustainable solutions to be
designed.
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The presented experimental procedure and its subsequent calculation methods allow a
precise determination of sedimentation data for raw sewage. It helps to characterize raw
sewage more precisely and understand sedimentation processes in energy-optimized
urban drainage systems. The published data is exemplary for a separate sewerage sys-
tem (with storm runoff from main roads) in an urban region.

3.5 Advices for reproduction of the settling experiment

Throughout the process of design of the experimental set up, execution of experiments
and data analysis, various experiences were made. These concern namely the sampling
times and the sampling volume. It is very important to cover a wide spread of sam-
pling times in order analyse all settling fractions. With the experimental setup, a good
coverage for all samples was achieved with sampling times between 15 s and 24h ap-
plying an exponentially increasing distance (e.g. 15, 45, 180, 420, 1800, 14 400, 86 400).
The sampling volume is always a trade-off between a desired distinct fraction and re-
producible results. A sampling volume of roughly 1/7th of the column volume (345mL
out of 2415mL, depending on the number of settling columns) was found as best com-
promise. Additionally the following advices apply:

• Filling:

– to produce reliable data it is essential that all columns are filled with the
same wastewater sample with equal initial particle concentration and distri-
bution. These demands a homogeneous particle concentration in the storage
tank = efficient mixing)

• Sampling:

– sample size must be large enough to observe an increase of TSS with settling
duration

– a large sample size tends to “smear” the fractions and will result in long fil-
tration times. Sample separation is not advised, for reasons of accuracy

– within a vacuum sampling system, time for build-up of suction head must be
equal for all columns

• General:

– successful sampling of all settled particles is by no means guaranteed. An
important plausibility check is the comparison of total mass from the original
sample and the cumulated mass from the experiment.
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4 Erosion Characteristics of Raw Sewage:
Investigations For a Pumping Station in
Northern Germany Under Energy Efficient
Pump Control

4.1 Introduction

The operation of wastewater facilities depends almost entirely on pumping processes,
powered by electricity. Especially in flat and sparsely populated areas, wastewater-
pumping stations for pressurized sewage transport take a large share of operation cost.
Application of appropriate pump control offers a high-energy savings potential for those
facilities. Usually, PS are, operated in a two-point control mode where pumps switch on
and off at defined water levels. In shut on mode, the pump works with maximum design
flow, which is in most cases higher than required. The related high flow velocity leads
to high friction losses and unnecessarily high consumption of electricity.

The use of an electronic speed control solves this drawback of a two-point control.
Within a case study at University of Rostock, an urban-influenced PS has been equipped
with frequency pump controllers operated by an energy saving pumping strategy. The
intention was to operate sewage pumps under an attempt to reduce consumption of
energy as far as possible and to ensure safe system operation. The applied rule-based
pump control aims at a reduction of friction losses by adapting flow to inflow conditions
[14].

The recommended flow velocities for safe operation may often be underrun (0.6 to
1.2m/s for self-cleaning effects at least once per day, according to [21]). Therefore, op-
erators are confronted with finding a balance between attempted energy reduction and
the safe operation of wastewater pressure pipes. In its worst case, blockage of a pipe
entails costly repair works.

Safe operation depends on transport conditions inside the pipe, whereby flow veloc-
ity and bed shear stress are significantly responsible. Within the switch-off sequence
(zero flow rate), particles settle inside the pipe. A previous homogeneous particle dis-
tribution over pipe cross-section changes to an increasing concentration from top to
bottom.



4 Erosion of Raw Sewage

If bed shear stress in switch-on sequence is below a critical limit (low flow rate), de-
posited particles only resuspend partially. In nominal condition, at design flow rate,
bed shear stress is usually above the critical limit. However, for speed-controlled sys-
tems, this limit must be known to avoid harmful sedimentation.

The objective of this article is to define effects of energy saving pumping operation
(low flow rate) on solids erosion behaviour within a pressure pipe system. The effect
of a reduced flow rate on the safe transport of wastewater is not identified. To assess
the transport conditions during the energy saving operation, this article pursues the
following procedure:

• investigation of erosion behaviour of a typical, pure sewage dominated wastewa-
ter at the inflow side of a PS with a laboratory device (reaction chamber)

• determination of critical bed shear stress points after different settling periods:
(i) critical bed shear stress (τcrit), to define the beginning of an erosion event and
(ii) a minimum required bed shear stress (τ100) that relates to particle transport
without sedimentation effects

• evaluation of the erosion behaviour by calculating the erosion rate.

4.1.1 Literature review

A large number of experimental designs for the assessment of erosion characteristics
have been presented in the past. These designs split into in situ and laboratory designs.
In situ designs are application dependent, e.g. modified for channel flow systems [52].
Original in situ devices have been presented by [53] (cohesive strength meter). Labora-
tory devices can be split into: (i) reaction chambers, as used in this work and (ii) flumes.
The reaction chambers largely originate from [54]. In adaption to their EROMES-system,
various designs have been developed specific for each targeted application, e.g. a lab-
oratory design by [55], but also in situ devices, as EROSIMESS by [56]. An overview of
different in situ devices is given by [57] and a comparison between in situ and labora-
tory design by [52, 58, 59].

4.2 Methods

4.2.1 Study site

The investigated PS is located in northern Germany in the city of Rostock. PS Rostock-
Schmarl receives untreated domestic, industrial and commercial wastewater from ap-
proximately 40 000 inhabitants by a separate sewerage system of 80 km length. Addi-
tional surface runoff from main roads discharges to the PS, while roof runoff discharges
into a stormwater system. Four pumps, each with a power of 55 kW, raise the wastewater
to the central WWTP in two cast iron pipelines (DN600, each of 4100m length).
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Within the case study, two pumps were equipped with an energy saving pump control
mode over the period of one year. The energy savings were achieved by reducing the
flow with frequency controllers during nominal conditions (dry weather inflow) to an
energy optimum. However, the reduction to an energy optimum results in reduced flow
velocities and bed shear stresses.

To assess the erosion behaviour of the transported raw sewage of PS Rostock-Schmarl,
samples were collected at the inflow channel (DN 1200) to the pumping well with a
ladle during dry weather inflow. In total six samples, each with a volume of 25 L, were
collected during the case study. Due to the mechanical treatment at the inflow, in the
form of a rake with a wide-space bar opening (20mm), coarse material was removed
from the samples before processing.

4.2.2 Experimental design for erosion measurement

The presented experimental design is based on the work of [52, 60], both of which refer-
ence their constructions to [56]. The applied device for measuring erosion events (see
Figure 11), consists of the following components:

• polyvinyl chloride (PVC) cylinder (diameter = 125 mm) as erosion chamber

• PVC fixed flange (diameter = 125 mm) as mounting fixture for the PVC cylinder

• PVC blind flange (diameter = 125 mm) as bottom component

• six PVC baffles for axial direction of flow conditions

• speed controlled stirrer motor (Heidolph RZR 2102) and a pitched blade propeller
for applying bed shear stress

• extinction sensor (Semitec Dynamic Extinction Probe) for continuous erosionmea-
surement.
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Figure 11. Experimental design for wastewater erosion measurement.

The transparent PVC cylinder (V = 6.14 L) is fixed to a revolving metal frame rack, which
ensures stability during the stirring process. The stirrer motor is fixed above the PVC
cylinder on the metal frame rack as well. Motor speed can be adjusted up to a maximum
of 2000 rpm and is controlled by defined sequences using MatLab. The blade propeller
is located 5 cm above the bottom. Six PVC baffles are attached to the PVC cylinder, which
are constructed in two pieces (beam and baffle) to allow for adjustment of flow condi-
tions.

The erosion of the sediments was measured continuously with an extinction sensor
(Semitec Dynamic Extinction Probe). The extinction itself is defined as the negative log-
arithmic ratio between emerged and entered radiation. Thus, the erosion wasmeasured
as a light attenuation. The sensor is fixed vertically to the PVC cylinder and is located
equal to propeller height. So, the extinction laser measures vertically, near to the sed-
iment bed. Sensor and motor data have been logged in a time interval of 3 s.
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4.2.3 Stirrer motor calibration

The device cannot directly measure shear stress (N/m2). Hence, values of shear stress
are derived from applied motor speed (rpm). For this, experiments of [61] (erosion of
defined sand particle sizes) serve as the basis to relate present shear stress to applied
motor speed. Within a mathematical approximation of Shields experiments from [62],
critical bed shear stress τc (N/m2) is calculated for each grain size dm (mm) eroded by a
specific Shields bed shear stress τc,shields (N/m2), the density of applied sand ρS (kg/m3),
fluid density ρ (kg/m3) and gravitational acceleration g (m/s2), see Equation (15):

τc = τc,shields · (ρS − ρ) · g · dm (15)

The calibration process itself was conducted by four observers and 11 different sand
particle classes (dm between 0.1 and 8mm). After filling and complete settling of each in-
dividual class in the erosion cylinder, stirrer speed was increased stepwise. The erosion
of each class was then detected from each observer when 10% of the settled sediment
bed eroded. The critical bed shear stress τc for the erosion of each class was calculated
applying the approximation of [62] (Equation (15)). The respective stirrer speed noted at
10% erosion then marks the calculated critical bed shear stress τc. Equation (16) shows
the resulting calibration function.

τrpm = 8 · 10−6 · rpm1.96 (16)

4.2.4 Experimental procedure

Each experiment starts by filling the erosion cylinder with homogeneous raw sewage
(V = 6 L) from PS Rostock-Schmarl. The subsequent settling sequence ends after one of
the following periods: 20min, 1 h, 4 h, 7 h, 14 h, 17 h, 24 h or 72 h. Once settling is com-
pleted, the erosion sequence with the stirrer motor starts at 20 rpm (0.003N/m2), in-
creasing every 60 s by 10 rpm (0.0007N/m2) and ends at 400 rpm (1N/m2) automatically.
In parallel, the extinction sensor measures continuously the light attenuation, caused
by the eroded particles in the fluid section. It is assumed that the light attenuation is
lowest at the beginning of each experiment, varies by a certain amount within each bed
shear stress level and increases with each level up to a maximum value.

4.2.5 Determination of erosion data

The erosion behaviour of transported wastewater inside the pipe is described by three
parameters: (i) the critical bed shear stress at beginning of erosion, described by τcrit

(N/m2), (ii) erosion rate a (kg/(m s)) describing the dynamic of an erosion event per pipe
length, (iii) bed shear stress value when all particles are completely resuspended, de-
scribed by τ100 (N/m2).
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4.2.6 Determination of the critical and complete resuspension bed shear
stress

Themost common applied methods to identify critical bed shear stress points τcrit have
been presented by [63] (erosion events from dredge material) and [64] as well as [65]
(erosion from river delta and tidal flats sediments). Following thesemethods, the course
of measured erosion is expressed by either two power functions [63] or as a linear and a
logarithmic function [65]. τcrit is then defined as the point of intersection of the respec-
tive function set. Here, the latter method of [63] was chosen, due to smaller standard
deviations for the reproduction of the erosion results τcrit and τ100.

The continuous extinction measurement provides information about the influence of
any bed shear stress value to resulting erosion behaviour. So not only τcrit can be cal-
culated, but also τ100 by the same method. Similar to assessing τcrit, τ100 is the result
of the point of intersection of the equal function set, only shifted to the right on the
measured extinction curve. Errors from the continuous extinction measurement were
removed by Chauvenet’s criterion.

As an example, Figure 12 shows the results for assessing τcrit and τ100 for an erosion
experiment after 4 h settling. If the left and right plot are joined, the measured extinc-
tion forms an s-curve, where four power functions were fitted. Following the respec-
tive functional expression, the points of intersection were calculated as 139.3 rpm and
224.3 rpm. τcrit and τ100 are now calculated by the help of Equation (16) as 0.128N/m2

and 0.325N/m2.

Figure 12. Extinction measurement, power function fit and τcrit for an erosion experiment after
4 h settling (left) and for the same experiment τ100 (right).
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4.2.7 Determination of the erosion rate

In order to calculate the erosion rate a (for the activation of sediments) (kg/(m s)), the
particle concentration profile must be derived from the measured extinction curve for
each procedure. This curve can be idealized in the form of a sigmoid function (Equa-
tion (17)), where the upper limit exmax marks the maximum light attenuation (all parti-
cles are resuspended) and the lower limit exmin the minimum light attenuation (certain
proportion of particles settled), see Figure 13. The function itself can easily be adjusted
using the least squares method with fitting parameters c (-) and p (s).

f(rpm) =
exmax − exmin

1 + c · e−p·rpm
+ exmin (17)

Figure 13. Exemplary extinction measurement for an erosion experiment after 24 h settling
including sigmoid function fit.

When all particles are resuspended, the particle concentration inside the fluid is equal
to the initial particle concentration of the raw sewage sample. Thus, the TSS profile of
the erosion experiment can be displayed, if the initial TSS (kg/m3) of the raw sewage
sample is known. The initial TSS of the six collected samples was determined as 0.28,
0.33, 0.3, 0.3, 0.29 and 0.18 kg/m3.

The erosion of the sediments is then described by Equation (18),

a(τ) = d · (τ − τcrit) (18)

with d (s), the erosion parameter, which indicates the strength of an erosion event,
τ (N/m2) the current bed shear stress value and τcrit (N/m2) the critical bed shear stress
after a specific settling duration.
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The value of a itself is obtained by solving the optimization problem in Equation (19).
Here, d and additionally τcrit are obtained by fitting a to the measured erosion of parti-
cles inside the erosion cylinder ea (kg/(m s)).

min
d,τcrit

n∑

i=1

ea,i − ai · wi (19)

where n is the number of applied bed shear stress intervals (n = 39), ea,i the measured
erosion rate at the interval i, wi (kg) the particle mass on the bottom of the cylinder at
the interval i (calculated as difference from the TSS concentration profile multiplied by
cylinder volume). ea itself is derived from the TSS difference by Equation (20), where∆t

is the time difference of the bed shear stress increase interval (∆t = 60 s) and As is the
surface area of erosion (m2).

ea =
TSSi−1 − TSSi

∆t
·As (20)

4.3 Results and Discussion

4.3.1 Critical and complete resuspension bed shear stress

To ensure safe transport under energy-efficient control, the methods to determine bed
shear stress points must be reliable. Since two different methods were used to deter-
mine τcrit (power function set and erosion rate), reliability can be tested. If the results
of both methods differ significantly, at least one of the methods is not applicable. If the
results are similar, then the power function set is applied to determine τ100 as well. The
results are illustrated in Figure 14. The boxplot on the left shows the bed shear stress
values of the critical parameters, depending on used method and settling duration. The
τcrit values of both methods are in a similar region.

The mean-difference plot on the right shows the difference for each determined bed
shear stress point in relation to the average of both methods. There is a maximum dif-
ference of 0.0928N/m2 (60min settling) and an average of 0.01964N/m2 between both
methods. The positive mean average shows that τcrit is tending to slightly lower values
when the erosion rate is applied. Next to this, only one point is located outside the con-
fidence interval. Based on these facts, both methods are considered as applicable.

Figure 14 on the left also shows the average τcrit and τ100. A large τcrit or τ100 value is
the result of a long settling period with both settling (TSS increase) and consolidation
effects (cohesion/compaction/biological solidification).
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Figure 14. Resulting τcrit and τ100 by laboratory erosion measurement, for different settling
periods with raw sewage samples from PS Rostock-Schmarl (dry weather inflow) including the
bed shear stresses inside the pipe under energy-efficient control, regular control, full flow and
parallel pumping (left plot) and mean-difference plot of power function and erosion rate

method (right plot).

Table 5 shows the maximum, mean and minimum shear stress values and standard
deviation determined by the experimental procedure. Here, σ indicates the deviation of
the critical parameter of the different sewage samples. Both critical parameters increase
with settling duration. Especially after 20 and 60min settling, a strong increase of τcrit
was detected (τcrit from 0.02N/m2 at 20min to 0.146N/m2 at 240min). τ100 increases
after 20, 240 and 1440min strongly (from 0.2N/m2 at 20min to 0.4N/m2 at 240min up
to 0.6N/m2 at 1440min and 1N/m2 after three days settling). The TSS increase of sedi-
ments up to a settling duration of 240min seems to have a decisive influence on τcrit and
τ100. This increase seems completed after 420min settling. From 420min up to 1440min,
τ100 remains at a level of≈ 0.6N/m2 and τcrit remains constant also (0.13 to 0.146N/m2).

Progressive settling (TSS increase) is negligible after 420min and does not yield fur-
ther increase of τcrit and τ100. Subsequent effects responsible for further increase of τcrit
and τ100 are slower processes: cohesion, compaction, biological solidification. These
consolidation processes become effective after 420min, where τ100 increases up to
1N/m2. τcrit is still small since even lighter and smaller particles settle on the surface of
the sediment bed, which can therefore be eroded even more easily. This was also recog-
nized as ‘first foul flush’ by [66, p. 5228]. In summary, the TSS increase is the first effect
that increases τcrit and τ100 and occurs in the first 4 h of the settling process. Cohesive
interaction (particle–particle, particle–surface), gravitation (compressing in lower sedi-
ment layer) and biogenic changes of the sediment (conversion of organics by bacteria)
work decisively slower and appear to be the main effects after 4 h settling.
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Table 5. Results for critical shear stress measurement of raw sewage samples from PS
Rostock-Schmarl after specific settling durations determined by power function method

Settling duration
(min)

20 60 240 420 1440 4320
max τcrit (N/m2) 0.03 0.12 0.16 0.16 0.14 -
mean τcrit (N/m2) 0.02 0.08 0.146 0.145 0.13 0.13
min τcrit (N/m2) 0.01 0.04 0.13 0.13 0.11 -
σ 0.02 0.03 0.01 0.02 0.02 -
max τ100 (N/m2) 0.22 0.42 0.46 0.61 0.7 -
mean τ100 (N/m2) 0.2 0.39 0.4 0.58 0.62 1
min τ100 (N/m2) 0.19 0.35 0.32 0.56 0.56 -
σ 0.01 0.03 0.07 0.02 0.06 -

Both shear stress points decide on the energy saving intentions of PS Rostock-Schmarl.
If the operational bed shear stress is smaller than τcrit and τ100, the pump control needs
adjustments to guarantee a resuspension of the settled particles after a pump pause.
Within the energy saving control, the flow rate and flow velocity decrease, from 90.3 L/s
and 0.32m/s in regular control, down to 75.3 L/s and 0.27m/s respectively. The bed shear
stress inside the pipe τpipe (N/m2) is then calculated as 0.2N/m2 (while 0.3N/m2 in regu-
lar control, see Figure 14), based on the fluid density ρ (kg/m3), the flow velocity v (m/s)
and the friction factor λ (calculated after the Colebrook–White equation), with Equa-
tion (21).

τpipe = ρ ·
v2

2
·
λ

4
(21)

With a reduced flow rate, the pump pauses decrease as well. The average pump pause
reduces from ≈ 64min (regular control with higher flow rate) down to ≈ 20min. As τcrit
and τ100 for 20min settling are below the bed shear stress level of the energy saving
pumping mode, a resuspension of the settled particles after the pump pauses is guar-
anteed, as well as a complete transport.

Larger pump pauses should be kept below 4h. Especially at night (12:00 a.m. to
6:00 a.m.), with low inflow rates, the pump pauses increase. In regular control mode,
these pauses last on average 2.5 h. These could be reduced by the energy-efficient con-
trol down to 40min, so the bed shear stress of 0.2N/m2 is still higher than the respec-
tive τcrit value. However, a total resuspension is not reached by the energy-efficient
control. To tackle this problem, pumps should start-up to maximum power, in the case
of PS Rostock-Schmarl with a flow of 137 L/s and a flow velocity of 0.5m/s (respectively
0.6N/m2 bed shear stress, see Figure 14), before regulating the flow rate down to the
energy saving flow. The deposited sediments by pump pauses over 7 h are only resus-
pended by parallel pumping, with a bed shear stress of 1.4N/m2 (respectively 212 L/s
flow and 0.75m/s flow velocity).
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4.3.2 Erosion rate

In contrast to the single value of τcrit or τ100, the erosion rate a(τ), as a mathematical
function, serves as a continuous description of an erosion event and contains informa-
tion about its dynamics inside the pipe. The erosion rate in literature is always applied
to a non-limited sediment bed [55, 66, 67], see Equation (18). Therefore, all erosion rates
found in literature permanently increase with the bed shear stress. However, since the
mathematical approximation of the erosion rate by Equation (18) neglects the available
sediment bed (nonlimited sediment bed), it is expected that for a limited sediment bed,
the actual eroded mass per time will be higher after longer settling durations than for
shorter durations. This limitation is therefore defined as the available particle mass at
the bottom, settled within the respective settling duration.

By solving Equation (19), the erosion rate a(τ) from Equation (18) is fitted to the mea-
sured erosion rate ea from Equation (20) by multiplication with the available (limited)
sediment bed on the bottom of the erosion cylinder (w). Here, additionally τcrit is re-
ceived. The resulting erosion rates ea and a(τ, w) inside the erosion cylinder (limited
sediment bed), as well as a(τ) for a non-limited sediment bed (Equation (18)), are shown
in Figure 15 (one erosion rate as an example for each settling duration). Additionally,
bed shear stress values for different control strategies as well as τcrit and τ100 values
are illustrated.

Figure 15. Measured erosion ea (Equation (20)) and fitted erosion rate a(τ, w) (Equation (19))
inside the erosion cylinder (limited sediment bed) including the bed shear stress inside the
pipe under energy-efficient control, regular control, full flow and parallel pumping (left plot)
and erosion rate a(τ) (Equation (18), non-limited sediment bed on the bottom) for settling

periods up to three days with raw sewage samples from PS Rostock-Schmarl, including erosion
parameter d, τcrit and τ100 (right plot).
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With increasing bed shear stress inside the cylinder, more particles resuspend in the
same time interval, until the erosion collapses at its peak (see Figure 15, left plot). The
raw sewage represents a mixture of particles with different size. So, each peak shows
the critical bed shear stress for the dominating particle fraction of the raw sewage. The
peak is always located at the inflection point of the sigmoid function (Equation (17)).
After the collapse, the erosion decreases and tends slowly to zero.

Comparing the curves with each other, it becomes clear that with an increased settling
period, the function changes significantly. While the maximum erosion is initially lo-
cated at 0.05N/m2 (for 20min settling), the peaks shift towards larger bed shear stresses
with increasing settling duration (up to 0.33N/m2 for three days settling). Here, the in-
crease in erosion resistance of the sediment bed becomes visible as the peaks shift
to the right. It is the result of the already mentioned TSS increase as well as effects
of cohesion, gravitation and biological solidification. The different heights of the peaks
can be related to the TSS increase as well. Since the erosion rate is linked to the avail-
able particle mass w on the cylinder bottom, the peak height increases with the settling
duration. The highest peak was measured for 1440min settling (1.8 g/(m s)). It repre-
sents an unconsolidated state with a high particle mass on the bottom. This, in turn,
explains the smaller peak after three days settling (1.3 g/(m s)), where cohesion, grav-
itation and biological solidification have already contributed to the further increased
mass on the bottom. Next to the lower peak, the larger spread of the three days curve
can be explained by this as well. The structure of the sediment bed has changed. Pre-
viously easily erodible particles are now released from the bottom slowly.

The energy-efficient control of PS Rostock-Schmarl is not influenced by these effects,
since the average settling durations between the pumppauseswere reduced to≈ 20min
(formerly 64min in regular control). The bed shear stress for the reduced flow rate is
above the 20min τcrit and equal to the τ100 value. The erosion rate inside the pipe is then
in the range of 0.04 to 0.08 kg/(m s). For settling durations > 20min, τ100 is not reached.
Hence, after larger pump pauses, the bed shear stress inside the pipemust be increased
(start-up regular flow at 0.5N/m2), which ensures a higher and faster remobilization of
the more resistant sediment bed.

Figure 15 on the right shows the erosion rates a(τ) for a non-limited sediment bed.
The erosion rate increases in each case with bed shear stress. But at equal bed shear
stress, a(τ) is smaller the longer the previous settling duration lasts. Especially the ero-
sion rate for settling durations of three days is, above a bed shear stress of 0.2N/m2,
significantly lower than others. For a bed shear stress of 0.2N/m2 (energy-efficient con-
trol), the erosion decreases from 15 g/(m s) after 20min settling to 2 g/(m s) after three
days settling by a factor of 7.5. This is due to an increased erosion resistance of the
sediment bed, because of consolidation effects (cohesive interaction, compressing and
biogenic changes).
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It shows the rapidly changing erosion characteristics of raw sewage and the need to
reduce pumping pauses to a minimum.

The idea of a non-limited sediment bed, as illustrated in Figure 15 (right plot), is in-
compatible with the erosion processes inside a pressure pipe. Due to the switch on/off
regulation of PS, particles inside the pipe settle and resuspend alternately. The on/off
regulation is regardless of the control mode. Thus, the sediment bed increases once in
the switch-off sequences until a certain proportion of particles has been settled and
decreases once in the switch-on sequences until the sediment bed is empty. When the
sediment bed is empty, the erosion rate is zero, regardless of the bed shear strength.
So the erosion process inside the pipe is more similar to the process inside the erosion
cylinder (see Figure 15, left plot).

If the erosion rates a(τ) from Figure 15 (right plot) are now set as functions of the
bed shear stress inside the pipe (τpipe) and the limited sediment bed on the pipe bot-
tomwpipe (kg), a(τpipe, wpipe) represents real-life conditions inside the pressure pipe. The
sediment bed on the pipe bottom wpipe was calculated similar to w (particle mass on
cylinder bottom), assuming a TSS of 0.3 kg/m3 (see Section 4.2). Figure 16 illustrates the
calculated erosion rates a(τpipe, wpipe) over the complete pipe length (lpipe = 4100m) of
PS Rostock-Schmarl after different settling durations of four different control modes
in the pumps run-up phases: rule-based, modified rule-based, full power and parallel
pumping. The run-up phases represent real values measured.
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Figure 16. Calculated erosion of raw sewage inside the pressure pipe of PS Rostock-Schmarl in
four different control strategies during pump run-up. Deposits erosion (solid lines, left y-axis)

depends on previous settling duration. Resuspension of deposits (% values in legend)
increases with the bed shear strength of the control mode (right y-axis).

Each pump start is followed by an erosion of the formerly settled sediments, if τcrit is
reached. The course of the erosion itself is similar to the erosion cylinder. The erosion
is zero if the sediment bed is empty and also if the flow decreases before the sediment
bed is completely resuspended. In usual energy-efficient control, pumps run up to the
operation bed shear stress of 0.2N/m2 without a high-power run-up, see Figure 16 top
left plot. The settled particles in a previous pump pause of 20min (25.14 kg respectively)
are then completely resuspended within 28.7 s. But in the case of larger pump pauses
(e.g. at night, repairs, damages) the sediments are only resuspended partially. Adding
a high-power run-up (up to 0.6N/m2) to the rule-based control enables complete re-
suspension of settled sediments from pump pauses up to 7 h (top right plot). Deposits
from 7h settling are removed within ≈ 35 s (respectively 96 kg in sum). With settling
sequences ≥ 24 h, full flow or parallel pumping is recommended. In parallel pumping
control (1.4N/m2), a settled particle mass of 225.7 kg (three days settling) is completely
resuspended after 75 s.
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The results showing that a safe sewage transport and an energy-efficient control are
not mutually exclusive. Due to the high erosion rates of the raw sewage, deposited sed-
iments are resuspended fast (mostly < 30 s). A safe transport can always be guaran-
teed by adding a high-power run-up to the pump control, especially in energy-efficient
controlled PS. In the case of PS Rostock-Schmarl the maximum pump pause duration
is 40min (night) under nominal inflow conditions. A pump run-up to full flow for 60 s
followed by energy saving flow strikes a good balance between the energy saving in-
tentions and a safe sewage transport.

4.3.3 Comparison with literature data

Erosion data from different investigations are mostly hard to compare, due to several
reasons: sediments with different settling/consolidation times (minutes to years), dif-
ferent types of sediment (organic, cohesive, natural material), testing with different
methods (cylinder, flume, ex situ, in situ). The critical values for incipient erosion of the
raw sewage from PS Rostock-Schmarl is in the range of 0.01 to 0.146N/m2. The closest
values were found in [66], with τcrit values of 0.2 to 1N/m2 for deposited sewer sedi-
ment determined by a flume test and in [68], with τcrit values of 0.44 to 1.02N/m2 by
field tests under dry weather flow. As both tests were performed with already existing
deposits, this might be the main reason for the differences.

Although test conditions differ greatly, the results from [68, 69], regarding the com-
plete resuspension τ100, are relatively similar. The critical values for a complete resus-
pension of the raw sewage from PS Rostock-Schmarl is in the range of 0.2 to 1N/m2.
[68] have come to a range of 0.04 to 0.67N/m2, by a field test under dry weather inflow.
[69] determined a value of 0.6N/m2, by field test in a combined sewerage system. Com-
parative literature data regarding the erosion rate are also hardly available: the erosion
rate is determined either for different grain classes [70] or for different material (highly
organically loaded like [55], admixtures of sediments like [67]). However, relatively com-
parable test conditions are provided by [66]. With up to 2.5 g/(m s) at 1N/m2 bed shear
stress and up to 10 g/(m s) at 2N/m2 bed shear stress, the erosion rate is significantly
smaller compared to the presented results. Depending on the settling duration, the ero-
sion fluctuates at 1N/m2 between 8.6 g/(m s) (for long settling periods) and 40 g/(m s)
(for settling periods < 4 h) and at 2N/m2 between 18 g/(m s) and 86 g/(m s) (see Fig-
ure 15). Decisively for the differences is the tested material. A general statement on the
erosion properties of a wastewater, in the form of recommended values, is therefore
hardly feasible.
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4.4 Conclusions

The presented experimental procedure and its subsequent calculation methods allow a
precise determination of erosion data for raw sewage (critical bed shear stress points,
erosion rates). The published data are exemplary for a separate sewerage system in
an urban region. This contributes to a more precise characterization of raw sewage
and helps to further understand sewage and sediment transport processes in urban
drainage systems. Todays tools to challenge increasing urbanization, energy optimiza-
tion or stormwater management, are often numerical simulations. The provision of pre-
cise data enables a more accurate calibration of urban water models and finally more
sustainable solutions to be designed.

4.5 Advices for the reproduction of the erosion experiment

The experiences made during the entire laboratory experiment are listed below to facil-
itate a reproduction of the experiment. A major problem here is that, in contrast to the
sedimentation experiments, there is no standardised procedure due to the complexity.
A standardised procedure would help to make the results more comparable and thus
provide better recommendations.

If the transport properties of the wastewater are to be determined, it makes sense
to use the same sedimentation times as for the settling experiments, see Section 3.5.
Furthermore, the settling periods can be adjusted to the expected duration of the pump
pauses. This further increases the specificity of the results and saves time by avoiding
unnecessary results. Additionally the following advices apply:

• Experimental design:

– it is imperative that the test assembly is installed leak tight

– especially the installation of the flow baffles requires the use of sealing tape

– the cylinder must be attached to the fixed flange with PVC adhesive

– a standard sealing ring between blind flange and fixed flange reduces further
leakage

• Stirrer motor calibration:

– the sand particle classes should have a small uniformity coefficient (com-
monly known as “well sorted”)

– at least three observers should be used to calibrate the stirrer. The observa-
tion should be made individually

– the horizontal and vertical positioning between the stirrer and the erosion
cylinder cannot be changed after calibration

– calibration procedure with final experimental setup (including sensor, sam-
pling tubes, etc.)
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4.5 Advices for the reproduction of the erosion experiment

• Experimental procedure:

– fresh sample material should be used if possible. The remaining amount for
further processing should be stored in the refrigerator. When taking samples,
ensure that the sample volume is as high as possible

– depending on the duration of the preceding sedimentation phase, it is rec-
ommended to repeat the procedure a maximum of three times with the same
sample material. This prevents a change in the sample material

– the step size of the speed increase also determines the accuracy of the mea-
surement. A step size of 10 rpm is useful, since the test duration must also be
taken into account here

– each stirrer speed level should be held for at least one minute before fur-
ther increasing. This guarantees a proper measuring process with sufficient
measured values for later error calculation

– thorough cleaning of the erosion cylinder, stirrer and sensor after a test pro-
cedure guarantees the validity of the calibration function.
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5 Sediment Transport in Sewage Pressure
Pipes, Part I: Continuous Determination of
Settling and Erosion Characteristics by In
situ TSS Monitoring Inside a Pressure Pipe
in Northern Germany

5.1 Introduction

The physical characterization of sewage is indispensable for optimization efforts in all
areas of wastewater management. Pumping processes are usually necessary in sewage
and storm water transport. Because of their frequent use, all related processes offer
high optimization potential, to name only a few: sediment transport, energy consump-
tion and storm water management.

The main key to process understanding and optimization lies in data quality and
quantity. Advanced optimization tools (e.g., numerical simulations) are especially data
greedy. Quality and quantity varies with the data collection method: either ex situ or
in situ. Ex situ methods are primary laboratory experiments. Experiments simulate real
world conditions as accurately as possible and subsequently transfer the results into a
representative model region. For example, most stream tests try to simulate more-or-
less real-life conditions.

The advantage of in situ methods is the proximity to real life. Thus, an imitation is not
required. To measure undisturbed processes, impacts on the system should be kept by
a minimum.

Erosion and sedimentation of particulate matter in sewage are the dominating phys-
ical effects regarding the above-mentioned themes (sediment transport, energy con-
sumption, storm water management). In the past, settling and erosion behaviour have
been determined by ex situ experiments (Chapter 3 and 4 and [32, 33, 50, 55, 71]). In case
of Chapter 3 and 4, several laboratory experiments were conducted to describe erosion
and settling behaviour of the raw sewage inflow to a PS in an urban drainage system
in Rostock (northern Germany). Consequently, the derived results are only temporal
snapshots of continuous highly dynamic sewer processes.



5 Sediment Transport in Sewage Pressure Pipes Part I

A continuous description based on permanent (in situ) measurement allows, by far,
more statements about raw sewage transport behaviour. In this study, the transport
behaviour inside a pressure pipe is of interest. Therefore, the measurement is located
directly inside the pressure pipe. Thus, the pipe itself serves as the reaction chamber
for the experiments.

This work aims at an in-depth characterization of the erosion and settling behaviour
of raw sewage by in situ TSS online measurement for the period of one year. Providing
a large amount of data helps to increase the accuracy of transport simulations and
improves the efficiency of the sewer system. The following three objectives are defined:

• determine applicability and quality of an in situ TSS online measurement system
inside a pressure pipe

• characterize raw sewage erosion and sedimentation behaviour under dry weather
inflow continuously by TSS online monitoring

• identify mechanisms changing the transport behaviour and characterize modified
erosion and sedimentation.

5.1.1 Literature Review

In situmeasurements in the field of urban drainage concentrate usually on non-pressure
systems (open channel flow), often in the context of combined sewer overflows and
pollutant loads in combined or storm sewers [72–77]. Continuous monitoring systems
are almost exclusively used for the calculation of loads or fluxes. Further data analy-
sis, regarding solids transport behaviour, is often not been conducted. An exception is
provided by [76–78], all calculating mass curves from online data. An in situ monitoring
study, dealing with continuous TSS measurements within pressurized systems, have not
been published as known to the authors.

The characterization of sediments by continuous measurements is mostly applied
within ex situ laboratory experiments: [50] performed ex situ tests with wastewater to
determine the sediment accumulation in a pilot flume (diameter = 300mmopen channel
flow, average discharge = 4 L/s) using the same TSS sensor as used in this study (Hach
Lange Solitax). Another example is [71], where sediments were collected for flushing ex-
periments in the laboratory, equipped with a continuous turbidity measuring system.
Similarly to Chapter 4, where a continuous turbidity measurement was used to deter-
mine the erosion characteristics inside an ex situ laboratory device.

The same sensor (Hach Lange Solitax) was also used by [72] inside a combined sewer
(in situ) to assess the dynamics of erosion and sedimentation events (load calculation).
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5.2 Materials and Methods

Hybrids between ex situ and in situ are provided by [75, 76], where the monitoring
sensors were mounted in external tanks or flumes supplied by a pump from a sewer.

The applicability of online sensor data for urban drainage problems and related un-
certainty was investigated with large effort by: [74–76, 78–80]. The majority of the data
processing methods in this study based on these publications.

One of themain differences to previous studies lies in themeasurement interval (here
5 s). Sometimes, daily measurements were used as in [50], but with regard to systems
dynamics, most studies used short intervals as in [75, 78] with a 2min time step, [71] with
20 s, or [73] with 15 s.

5.2 Materials and Methods

5.2.1 Study Site

One of the main PS in the city of Rostock (≈ 200 000 inhabitants) is PS Rostock-Schmarl,
conveying raw sewage from ≈ 40 000 inhabitants. A special technical feature of the up-
stream, usually separating sewer system is the connection to main roads storm water
runoff. The storm water system itself collects runoff from roof discharge and secondary
roads. Whatever the inflow condition to PS Rostock-Schmarl is, the incoming sewage is
filtered at first by a rake with a wide space bar opening (20mm) before it is transported
directly to the central WWTP by four pumps (each of 55 kW) in two cast iron pipelines
(diameter = 600mm), each over 4500m length. A schematic view of the catchment area
and the PS in Figure 17 illustrates the study setup.

Figure 17. Visualization of the catchment area (18.9 km2) in Rostock (Germany) including a
schematic view of the control and monitoring system during the study. The raw sewage inflow
passes the rake and is collected inside the pump sump. Pumps P1 and P2 then conveying the
raw sewage directly to the central WWTP in pressure pipe 2 (DL2). P1 and P2 are controlled over

a variable-frequency drive (VFD) from a PC (connected over a serial port (SER) to the
programmable logic controller (PLC)). The VFD adjusts pumps motor speed according to the

control strategy (see Chapter 3 and 4 and [14]). All values from TSS sensors (TSS) and
electromagnetic flowmeters (EMF) are stored in the PC.
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5 Sediment Transport in Sewage Pressure Pipes Part I

5.2.2 In situ TSS Monitoring

For a studied period of one year, pumps P1 and P2 were controlled by a PC to perform a
rule based, energy saving control strategy (see Chapter 3 and 4 and [14]). The sediment
flux was monitored by online TSS measurements at the in- and outflow side of pressure
pipe DL2. Table 6 shows the TSS sensors technical data. The sensors itself are shown in
Figure 18.

Table 6. Technical data of TSS sensors

Sensor Controller Parameter Measuring Installed and Interval Service Num. of Wiper
range measured calibration self-cleaning

duration processes interval

Hach
Lange Hach Sc Turbidity, 0.001-4000 FNU, 343 days 5 s 1 per 5 processes 15min
Solitax 200 & TSS 0.001-50 g/L installed, 292 month with 73
inline Sc Sc 1000 days measured samples

Furthermore, the following parameters were monitored every 5 s over one year: pump
sump level (m), inflow to the PS (L/s), pumps power input (kW), frequency F of the
VFD (Hz), engine speed (1/min), pressure in DL2 directly after the pump (bar), flow Qpipe

in DL2 (L/s).

Figure 18. TSS sensors for monitoring sediment flux in pressure pipes. (a) TSS sensor in PS
Rostock-Schmarl at the pressure side of the pump. (b) TSS sensor in the central WWTP Rostock

at the outflow side of the pressure pipe.

5.2.3 Sample-specific Sensor Calibration

TSS eventually calculated from the turbidity by an internal factory calibrated formula.
Commonly, diatomaceous earth is used for the internal calibration process.
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5.2 Materials and Methods

To adjust the TSS sensor values to the local raw sewage composition of PS Rostock-
Schmarl, a sample-specific calibration based on a correlation method was repeated five
times, with 73 separate raw sewage samples in total. The samples are collected with a
ladle from the inflow channel, just before the rake. Afterwards, the samples are filtered,
according to the rakes space bar opening of 20mm and subsequently separated into
cylinders of a small volume (2.5 L). In the second step, the TSS concentration is arti-
ficially modified to obtain different cylinders with different TSS values. Therefore, the
TSS concentration is decreased by mixing several dilutions using clear water, while set-
tling increases the TSS values. This procedure provides a wide range of TSS values for
calibration process. Thus, the resulting calibration function is applicable for a broad
spectrum of TSS values without extrapolation. After that, a sample is filled into the cali-
bration cylinder and continuously mixed by a magnetic stirrer. Next, the sensors are de-
mounted from the pressure pipe and placed into the calibration cylinder. Subsequently,
three sensor TSS values are noted from the controller board. Finally, each sample is an-
alyzed for TSS by three-fold determination in the laboratory (analysis according to [47]
by filtration and weight loss).

5.2.4 Fit Calibration Function and Analysis of Sensor Data

Sensor data must be validated before further processing into erosion and sedimenta-
tion behaviour. Various literature deals with error assessment and validation of sensor
data to find a correlation function and at least a true area of measured values with
respect to uncertainties [76, 79]. According to these publications, the determination of
uncertainties was processed after the commonly used ’Guide to the Expression of Uncer-
tainty in Measurement’ [81]. Therefore, the following data analysis scheme was applied:

1. Fit calibration function (TSS to TSS) with errors in y and x direction using the total
least-squares regression

2. Calculate function parameters uncertainties by Monte-Carlo simulation for 95%
confidence level

3. Transform original sensor data TSSsens by the calibration function into calibrated
sensor data TSScal

4. Remove TSScal values > 1000mg/L, based on local operator’s expertise

5. Further error assessment by Walsh’s outlier test

First, the calibration function is performed by the total least-squares regression. By
this, errors in both directions, resulting from the TSS determination inside the labora-
tory (y) and the TSS measurement by the sensor (x), were accounted for the optimiza-
tion problem. The resulting regression function is a first order polynomial function with
the slope b (-) and intercept a (mg/L). The function calculates the calibrated TSS values
TSScal (mg/L) from the original sensor data TSSsens (mg/L), see Equation (22).
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f(TSSsens) = b · TSSsens + a (22)

Second, the function parameters uncertainties are calculated for 95% confidence
level by Monte-Carlo simulation in MATLAB (see also [76]). The calculation of a com-
bined uncertainty resulting from the sensor measurement itself and the field influences
(i.e., installation site) has been omitted. It is assumed, that field influences are already
included in the sensor output. It is furthermore assumed that the field influence occur-
ring during the in-pipe measurement is equal to the field influence occurring during the
calibration process outside the pressure pipe.
Third, the original sensor output TSSsens is transformed into calibrated sensor data

TSScal to obtain the estimated TSS values by Equation (22). Furthermore, the 95% con-
fidence interval is calculated based on the function parameters uncertainties.
Fourth, all TSS values > 1000mg/L are removed from the calibrated data set. The

criterion based on the local operator’s expertise.
Fifth, measurement errors are cleaned by the Walsh outlier test. The test requires no

specific distribution, can easily be coded, enables fast computing and detects outliers
greater and less than the remaining values.

5.2.5 Determination of Settling- and Erosion Data

After calibration and error assessment, the final data processing followed, before de-
termination of settling and erosion data is conducted. The transport characteristics are
analyzed based on TSS sensor values in PS Rostock-Schmarl. The TSS sensor values from
the central WWTP are used in Part II as reference for the sediment transport model.

The data processing scheme is visualized in Figure 19 and is described below. Tomain-
tain the data for determination, the complete data set (Figure 19a) must be split up in
two parts: (i) the erosion data-part (Figure 19b), containing data while one of the two
pumps is working, (ii) the sedimentation data-part (Figure 19c), containing data logged
while pumps are shut off. Each data-part (erosion-part and sedimentation-part) is fur-
ther split up into separate erosion (Figure 19d) and sedimentation events (Figure 19e).
This is necessary, because the characterization is at least a mathematical approxima-
tion of a single erosion and sedimentation event. These single events are now the basis
the mathematical description.

The sedimentation of solid fractions inside a fluid can be described by a settling
velocity distribution (see Chapter 3 or [33]). However, since the turbidity sensors are
not able to detect single particle fractions, the following approximation is applied. The
settling events are described as a decay process,modeled by a differential Equation (23).

dC

dt
= −α · C (23)
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5.2 Materials and Methods

Its solution is an exponential decay, called settling rate C(t) (mg/L), see Equation (24).
With t (s), the settling duration in each pump pause, C0 (mg/L), a fixed value relating
to the first TSS concentration in each single sedimentation event, Crest (mg/L), the final
solids concentration at the end of each single setting event and the exponential decay
rate α (1/s), which is the key parameter to describe the settling behaviour.

C(t) = C0 · e
−α·t + Crest (24)

Figure 19. Data separation scheme: monitored TSS data (a) is split into an erosion- (b) and a
sedimentation part (c). Frequency data from both VFD (for P1 and P2) is used as decision
criterion for data separation (if VFD1 and VFD2 = 0 then settling sequence, else erosion

sequence). The separation into single erosion (d) and sedimentation events (e) is based on a
time difference between each value. If the time difference is larger the logging interval of 5 s

(see Table 6), a single event is detected and separated.
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5 Sediment Transport in Sewage Pressure Pipes Part I

Within each time step t, a proportion of the initial TSS concentration C0 settles to pipes
invert, according to the decay rate α, which is received by solving the optimization
problem in Equation (25). With n, the number of values in each settling sequence and
TSScal (mg/L), the measured and calibrated TSS concentration inside the pressure pipe.

min
α

n∑

i=1

(TSScal,i − Ci)
2 (25)

The erosion events are described according to Chapter 4. The measured erosion rate
ea (kg/(m s)) inside the pipe is calculated from the TSS concentration after pumps start
(shown in Figure 19d), by Equation (26). With TSScal,i−TSScal,i−1 (mg/L), the TSS differ-
ence between measurements, ∆t (s), the time difference between measurements and
As (m2), the surface area of erosion (set to 1 m2 for better comparability).

ea =
TSScal,i − TSScal,i−1

∆t
·As (26)

The measured erosion rate ea can be described as a function of the current bed shear
stress, called erosion rate a (activation of sediments) (kg/(m s), see Equation (27). With
τpipe (N/m2), the current bed shear stress, τcrit (N/m2), the critical bed shear stress where
erosion starts and d (s), the erosion parameter, which describes the strength of the ero-
sion (equal to slope of the first order polynomic function).

a(τpipe) = max
(
0, d · (τpipe − τcrit)

)
(27)

τpipe is calculated by Equation (28), based on the fluid density ρ = 1000 (kg/m3), the
flow velocity v (m/s) and the friction factor λ (calculated after the Colebrook–White
equation).

τpipe = ρ ·
v2

2
·
λ

4
(28)

The height of τcrit depends on several parameters, as the formerly settling duration
(higher τcrit values for longer settling duration) and the composition of the sewage (or-
ganic components raises τcrit due to biogenic changes). For a detailed description of
τcrit see Chapter 4. The erosion rate a is adjusted to the measured erosion rate ea by
solving the optimization problem in Equation (29).

min
d,τcrit

n∑

i=1

(ea,i − ai · wi)
2 (29)

To consider real life conditions inside the pressure pipe, w (kg), the current particle
mass on pipe bottom is multiplied with the erosion rate a. If the sediment bed is empty
(w = 0), the erosion rate a becomes zero. By solving Equation (29), the function param-
eter d and additionally the critical bed shear stress τcrit is received.
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5.3 Results and Discussion

5.3 Results and Discussion

5.3.1 Sensor Calibration Results

The result of the calibration processes is shown in Figure 20. The laboratory TSS corre-
lates to each sensor TSS by a first order polynomic function.

With the resulting calibration function, the sensor values are converted into the lab-
oratory values, before further processing. The calibration functions are fitted with a R2

value of 0.84 for TSS sensor PS Rostock-Schmarl and with a R2 value of 0.85 for TSS
sensor at the central WWTP Rostock. As found in literature, usual calibration functions
used same functions with R2 values between 0.83 and 0.92 [72] (calibration to turbidity)
or, as already summarized in [79], between 0.80 and 0.95 [79] (calibration to turbidity).
Reference [73] obtained a calibration function, for the same sensor used in this study,
with a R2 value of 0.94.

As one can see in the functions slope b, the measured values of both sensors are
too high. Furthermore, we obtained two different calibration functions, although both
sensors are identically and the same TSS samples used for calibration. A reason might
be found in the differences to the internal calibration process. The used material for
internal calibration differs from the raw sewage, as well as the calibration cylinder ge-
ometry. Another reasonmight be in the different controller devices used for the sensors.
Differences in the internal signal processing may cause different values.

Figure 20. Calibration functions for calculating laboratory TSS values from in situ measured
sensor TSS values, including goodness of fit R2 and 95% confidence interval. (a) For TSS sensor

in PS Rostock-Schmarl. (b) For TSS sensor at the central WWTP Rostock.
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5.3.2 Evaluation of the Erosion and Settling Approximation

The evaluation of the raw sewage erosion and settling characteristics is based on an
enormous amount of data. In sum, the TSS sensor in PS Rostock-Schmarl recorded
4 238 121 values (5 s interval over one year). 2 203 618 values of them account for ero-
sion sequences and 2 034 503 values for settling sequences. The total number of single
erosion sequences amount to 6653, while 6733 single settling events are recorded. This
leads on average to ≈ 24 erosion and ≈ 24 settling events per day. Hence, the pumps
are working every half hour for 30min.

For each single erosion and settling event, a mathematical function is adjusted to the
measured TSS values, automatically by a MATLAB code. This enables a fast, uncompli-
cated and reproducible processing. The function itself is given by the settling rate C(t),
Equation (24) and by the erosion rate, written as a(τ, w) (following Equation (29)).

First, we will evaluate the approximations of the erosion and settling processes. Fig-
ure 21 evaluates the fit results graphically. In Figure 21a, all measured erosion rates ea
are plotted versus all fitted erosion rates a(τ, w). A perfect fit is given by f(x) = x or
a(τ, w) = ea. For the majority of erosion values, a(τ, w) follows the perfect fit course
with deviations above and below. The fitting results are moderate. R2 value of ≥ 0.9
having 7.3% of the total approximations (n = 481 single events), 33.5% (n = 2100) were
fitted with R2 values of ≥ 0.75, while R2 values of ≥ 0.5 having 54% (n = 3603). So the
mathematical approximation by the erosion rate a(τ, w) is suitable to describe the real
process of erosion. Because of the similar up- and downward deviation, a balance is
assumed.

Figure 21b shows all measured TSS values in the pump pauses versus all approxima-
tions by C(t). Here, the majority of the values are located just below the perfect fit line.
Accordingly, the settling process is slightly overestimated. In contrast to erosion, a bet-
ter fit is achieved for settling.R2 values of≥ 0.9 having 31% of the total approximations
(n = 2084 single events), 58.4% (n = 3934) were fitted withR2 values of≥ 0.75 andR2 val-
ues of ≥ 0.5 having 76% (n = 5161).

Both models are able to describe real world conditions appropriately. The deficits in
the erosion approximation may result from its dynamic process. If the TSS sensor mea-
sures a value immediately when the pump starts, it takes 5 s of pumping until the next
value is recorded. Within these 5 s, some sediments are already eroded. This means that
a shorter measuring interval is recommended for the erosion process in later studies.
Furthermore, the limited flexibility of the erosion rate a(τ, w) itself, as it is based on a
first order polynomic function (see Equation (27)), contributes to its moderate results. A
transformation into a power function (e.g., a(τpipe) = d · (τpipe − τcrit)

p) leads to slightly
better results but with larger computation effort, e.g., for a sediment transport simula-
tion.

60



5.3 Results and Discussion

Figure 21. Evaluation of the erosion and settling approximation. (a) All measured erosion rates
ea vs. all mathematical approximations by a(τ, w). (b) All measured settling events inside the

pipe vs. all mathematical approximations by C(t).

5.3.3 Settling and Erosion Characteristics Inside the Pressure Pipe Under Dry
Weather Inflow

Transport characteristics are essentially dealing with numerical simulation of sediment
transport in open channel flow or dimensioning of facilities and treatment plants or
solids transport inside pressure pipes. Hence, the in-pipe measurement helps to im-
prove accuracy of the transport characterization and widen the spectrum of results
substantially. Furthermore, it serves as a comparison to laboratory (ex situ) results, ob-
tained in Chapter 3 and 4.

The example in Figure 22a shows a typical situation in PS Rostock-Schmarl, compa-
rable to usual urban drainage PS. The diurnal course of TSS is separated, according to
Figure 19, into erosion events (blue) and settling events (red). The diurnal course of the
raw sewage inflow is presented by Qinflow and the resulting pump flow by Qpipe (right
axes).
The TSS values during the night are relatively low. They reach aminimumof≈ 200mg/L

at about 03:30 a.m. (in pump sequence) before starting to increase from 06:00 a.m. to
12:00 p.m. up to 400mg/L. Peaks up to 600mg/L may be the result of the sensor wiper,
cleaning the sensor from heavy dirt (e.g., paper shreds). The TSS course follows the
inflow course of Qinflow. Hence, there is a relationship between TSS and Qinflow. Low
inflow results in low TSS values and vice versa. It results from the water usage and the
hydraulic conditions in the upstream sewers. An increased solids amount reaching the
PS by increased water consumption (stool, cooking, etc.). Furthermore, high water con-
sumption raises the hydraulic performance in the upstream sewers and erodes deposits.
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Figure 22. Monitored data in PS Rostock-Schmarl for day 328 (a) including exemplary erosion
and settling determination scheme (b–e). (a) Qinflow and Qpipe (right axis) and TSS sensor data
including 95% confidence levels (left axis). (b) Settling event: TSS values (TSScal) after pumps
stop in the night. (c) Erosion event: TSS values (TSScal) after pumps start at night. (d) Settling
event determination: TSS values (TSScal) and approximated settling rate C(t) including fit

results. (e) Erosion event determination: erosion rate ea and approximated erosion rate a(τ, w)
including fit results.

The TSS course is characterized by two long settling periods. A specific settling char-
acteristic becomes clear within these two periods. The TSS first decreases rapidly but
then slows down. This is also addressed in Chapter 3, where the same characteristic was
found. Accordingly, an exponential function (see Equation (24)) describes this process
most appropriate. Consequently, the TSS never decreases to full extend in pump pauses.
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Figure 22b shows an exemplary settling course in detail, while Figure 22d shows the re-
sulting settling rate. Although the pump pause only takes ≈ 17 min, the TSS inside the
fluid reduces from ≈ 200mg/L at about 27.5% to ≈ 145mg/L. The effect of the expo-
nential decrease shows the risk of forming a consolidated sediment layer inside the
pressure pipe, even in short pump pauses. If sediments erode incompletely within the
subsequent pump sequences, permanent deposits are likely to develop.

Figure 22c, e shows the subsequent erosion sequence and the determination of the
erosion rate. The erosion process always forms an s-shaped curve (Figure 22c). This
shape is characterized by a restrained start and is followed by an increased erosion.
The inflection point of the s-curve marks the beginning of the decrease phase with a
weakening erosion. The formerly settled solids are completely eroded from ≈ 145mg/L
up to ≈ 200mg/L within 30 s. The resulting erosion rate (Figure 22e) shows an abrupt
increase at the beginning, which is due to its moderate fitting results (R2 = 0.83). Similar
to the smoother decline at the end of the erosion event, a more gradual increase is
assumed for the beginning. Themaximumerosion appears at≈ 0.43N/m2 and so, before
the maximum shear stress level of ≈ 0.5N/m2 is reached. A further increase of shear
stress (feasible by parallel pumping of P1 and P2) would not result in further solids
erosion, as the maximum erosion level is already reached and the decline remarks the
emptying of the sediment layer.

5.3.4 Comparison to Laboratory (Ex situ) Results

The results of the ex situ laboratory experiments in Chapter 4 are similar to the in situ
measured erosion processes in this study. Both methods show the typical s-curve while
eroding solids. Hence, the resulting erosion rates are quite similar. Especially the calcu-
lated duration for a complete resuspension in Chapter 4, with regard to similar hydraulic
conditions (≈0.5N/m2 bed shear stress), is nearly equal to real world processes (du-
ration ≈ 30 s). Thus, both methods (in situ and ex situ) are applicable to determine the
erosion characteristics of raw sewage.

However, the in situ characterization of the erosion events is much harder compared
to the ex situ method in Chapter 4, as the solids inside the pipe are moving in two main
directions (upward and forward, micro-effects ignored). Therefore, next to the formerly
settled solids directly under the TSS sensor, particles settled at the upstream section
of the pressure pipe affecting the measurement. A closed reaction chamber, within the
ex situ experiments in Chapter 4, simplifies the measurement extremely, as the erosion
process of a controlled suspension is detected. This may be another reason for the
moderate fitting results (see Section 5.3.2).
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A direct comparison to the ex situ settling experiments in Chapter 3 is not possible. The
in situ method measures the TSS reduction in the fluid phase (by a calibrated turbidity
sensor) and the ex situ method measures the total mass increase at the bottom of a
cylinder (by weight loss). Furthermore, the mathematical description differs from Chap-
ter 3. However, by converting the cumulative growth from TSS into the fluids particle
loss, an equal course to the settling rate is found (exponential shape). Furthermore,
both methods counted approximately the same solids amount after similar settling du-
rations. 25.4% of solids mass settle in a laboratory test within 17min while approxi-
mately 27.5% of the solids settle within the same duration inside the pressure pipe.

A continuous measurement of solids decrease inside a fluid phase by a sensor is by
far much easier and more worthwhile, than a manually ex situ determination of solids
mass growth. The laboratory experiment lags behind the sensor determination, because
of the high effort in designing and construction, sampling, the experimental conduction
and mass detection. The continuous and automated in situ measurement scores by a
unique installation, simple maintenance and calibration, high-resolution measurement
(5 s interval) and automated data processing.

5.3.5 Effect of Storm Water Inflow to Settling and Erosion Characteristics

Due to the connected road runoff, a changed erosion and sedimentation behaviour is
assumed by storm water inflow. Several storm events were measured during the study
period. One example is shown in Figure 23. Figure 23a shows a rain event at 07:00 p.m.
with 4.9mm/h precipitation (right axis). The inflow curve shows the storm runoff slowly
reaching the pump sump (see Qinflow, left axis). The TSS course (left axis) is separated
into erosion (blue) and sedimentation sequences (red). The TSS concentration increases
significantly up to ≈ 600mg/L after the peak runoff reaches the pump sump. Figure 23b
compares a dry weather inflow erosion rate (1b) with a storm water erosion rate (2b).
The maximum erosion increases with the storm inflow almost by a factor of five. One
reason is the storm runoff composition. Solids (sand, tire abrasion, etc.) are washed off
from roads and entering the sewer. Furthermore, the increased discharge erodes pre-
settled and consolidated deposits and spills a mixture of runoff solids and sewer solids
to the PS.
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Figure 23. Effect of storm water inflow to erosion and sedimentation. (a) Qinflow and TSS data
(both on left axis) during rainfall event from 06:00 p.m. to 08:00 p.m. with a peak of 4.9mm/h
(right axis). (b) Erosion rate a(τ, w) during storm water inflow (2b) compared to dry weather

inflow (1b). (c) Settling rate C(t) during storm water inflow (2c) compared to dry weather inflow
(1c) including mean decrease ∆C

∆t
. The German Weather Service (DWD) provides the
precipitation data.

The following sedimentation process (2c) is significantly different compared to dry
weather conditions (1c), accordingly. The increased TSS inflow raises the start value of
sedimentation (C0) from ≈ 400mg/L up to > 600mg/L. A better comparison of the set-
tling processes is provided by the mean decrease, which is defined as the difference
quotient in the interval [t1; tend], see Equation (30).

∆C

∆t
=

|C(tend)− C(t1)|

tend − t1
(30)
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In this example, the TSS concentration decreases under dry weather inflow (1c) with
0.28mg/(L s), while under storm water inflow (2c) twice as fast with 0.65mg/(L s). Hence,
next to the solids concentration, the solids composition changes as well. This indicated
an increased inflow of heavier particles (runoff- and sewer solids). The total mean de-
crease under dry weather inflow, calculated over 4520 settling events, is 0.23mg/(L s),
while under storm water inflow 0.9mg/(L s) (calculated over 9 rain events). So, a more
than 3.5 times faster settling can be assumed under storm water inflow. This increases
the risk of blockages significantly. The risk is highest when the solids entering the pres-
sure pipe. The storm runoff reaches the pump sump 1h after the rain event and enters
the pressure pipe usually 1.5 h after the rain event. The accumulation of particles on
roads and the deposition of solids inside the sewers increases with longer dry periods.
This is due to missing wash-off and limited discharge. Hence, the risk of blockages in
the pressure pipe increases for short but intensive rain events after long dry weather
periods. However, this effect is not investigated within this study.

5.3.6 Comparison to Laboratory (Ex situ) Results

A changed sedimentation behaviour is already recognized in Chapter 3. Samples, col-
lected under stormwater inflow settling significantly faster. Comparable laboratory tests
showing a mean decrease for storm water samples by 1.1mg/(L s), while 0.18mg/(L s) for
dry weather samples.

5.3.7 Diurnal Variation of Settling and Erosion

Settling and erosion characteristics are changing not only with storm water inflow. As
already mentioned previously, TSS follows the inflow course. As settling and erosion
depends on TSS, their behaviour follows TSS and consequently inflow. Hence, changes
are also assumed due to the diurnal variation of inflow. This relation is shown in Fig-
ure 24 and Figure 25. Both showing the average diurnal variation of inflow (black line),
including boxplots for hourly mean decrease (Figure 24) and hourly maximum erosion
per event (Figure 25).
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Figure 24. Diurnal variation of the mean decrease ∆C
∆t

(boxplots) including total mean decrease
over 4250 single settling events (red line) and the average Qinflow for dry weather conditions

(black line).

Both indicators (mean decrease and maximum erosion) follow the up- and down-
ward course of inflow. Especially in the morning, the sewage is characterized by slow
settling processes (< 40.1mg/(L s)) and low erosion rates (< 0.0025 kg/(m s)). This can
be explained by the reduced water usage in the night (reduced solids input, reduced
hydraulic performance in upstream sewers). Vice versa, due to a high water usage in
morning hours, peak inflows reaching the PS at lunch and changing the sewage to a
faster settling mixture (up to 0.5mg/(L s)). Accordingly, the erosion rate increases up
to 0.02 kg/(m s). The increased erosion rate is a result of a faster settling process. The
more solids settle within the pump pauses, the more solids can be eroded in the pump
phases. Hence, the erosion rate depends on the pump pause duration. Longer pump
pauses generally occur in the night or in the morning with low inflow rates (see Chap-
ter 3). Nevertheless, due to a slow settling sewage, the erodible amount of solids is low.
The erodible amount is at its peak, when the settling process is fast (usually at midday),
irrespective to pump pause duration. Concluding, the sewage settling characteristics
(slow or fast) determine the deposits formation more than the duration of the pump
pauses.
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Figure 25. Diurnal variation of the max erosion (boxplots) including total average erosion over
3451 single erosion events (red line) and the average Qinflow for dry weather conditions (black

line).

5.4 Conclusion

The paper presents a continuous in situ TSS measurement system for raw sewage in-
side a pressure pipe and the determination and characterization of settling and erosion
behaviour based on high-resolution sensor data. Ultimately, the following findings are
concluded:

• the installed sensors are suitable for supervision of TSS fluxes inside sewage pres-
sure pipes

• periodically calibration and maintenance of TSS sensors result in reliable data

• TSS sensor data allow for a characterization of solids sedimentation and erosion
behaviour

• measured in situ erosion and settling results are similar to ex situ (laboratory)
results

• settling accelerateswith high inflow rates (stormwater inflow, diurnal inflowpeaks)
and decelerates with low inflow (reduced TSS inflow in night phases)

• erosion rate increases and decreases based on the available amount of solids,
hence, with changing settling behaviour

• solids are eroded before maximum shear stress level reached.
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5.5 Advices for in situ TSS monitoring in wastewater pressure pipes

Within continuous sensor measurements, a huge amount of data is generated. Espe-
cially with regard to urban water simulations, this provides the opportunity for precise
calibration up to specified scenarios. Hence, changes of solids erosion and sedimen-
tation caused by storm water inflows of various intensity or by the diurnal inflow can
be dynamically implemented into hydraulic models by providing a wide spectrum of
appropriate calibration parameters. The presented results are primarily used for a sed-
iment transport simulation inside the pressure pipe of PS Rostock-Schmarl, presented
in Part II of this publication: “Sediment Transport in Sewage Pressure Pipes, Part II: 1D
Numerical Simulation”.

5.5 Advices for in situ TSS monitoring in wastewater pressure
pipes

The supervision of solid fluxes by In situ turbidity/TSS measurement directly inside
wastewater pressure pipes is not part of todays scientific literature (according to the au-
thor’s knowledge). Hence, the experiences gainedwithin this study are extremely useful.
Table 6 already shows some technical data and settings for the sensor measurement.
The following list gives further recommendations for the successful implementation of
a TSS monitoring programme (in addition to the manufacturer’s recommendations):

• Installation:

– to ensure long functionality (protection against weathering and corrosion),
the sensor should be installed e.g. inside an extra manhole

– the installation site of the sensor should be easily accessible and provide
sufficient space for calibration processes

– sensor preferably with wiper. Wiper settings must be adapted to the condi-
tions (a lot of fibres = more frequent wiping)

– transmit measured values to the process control system via remote data
transmission

• Service and calibration:

– depending on the wastewater composition and mechanical pre-treatment,
remove the sensor at least once or better twice a month to clean the sensor
and wiper

– change wiper blades half-yearly

– calibration processes one time per quarter

– standardize the calibration process as much as possible. This applies above
all to the reference measurement in the calibration cylinder (e.g. magnetic
stirrer settings)

69



5 Sediment Transport in Sewage Pressure Pipes Part I

– magnetic stirring: avoid stirring too fast (prevent whirl formation) and too
slowly (keep particles in suspension). Always use the same magnetic stir bar
size

– one person can easily carry out all processes. The duration of the whole pro-
cedure for two sensors is about 1.5 days (including sensor maintenance and
full calibration procedure)

• Monitoring:

– short measuring intervals, if possible below 10 s (here ≈ 5 s). The smaller the
measuring interval, the better the transport parameters can be investigated
and determined

– pump data are essential for evaluation. These should be as comprehensive
as possible (inflow rate, flow rate in pressure pipe, pressure, power input,
frequency of VFD, motor speed, etc.) and should be recorded at the same
interval, see Section 3.2.1

– data from existing rain measurements in the catchment area are also advan-
tageous. If no rainfall measurements are available, an appropriate measuring
device should be installed in the catchment area (combined sewer systems)

– daily checking of the values, for example by connection to the process control
system with automatic error messages. This is recommended to detect heavy
contamination at an early stage

• Data analysis:

– with shortermeasuring intervals the amount of data increases. Standard eval-
uation routines should be designed to evaluate the amount of data efficiently
but safely (preferably as a script, macro or function, etc.)

– parallel recorded data on pump operation and rain should be included in the
evaluation routines. For example, sedimentation and erosion phases can be
separated and investigated, see Section 5.2.5

– plausibility checks with experience and data of the sewer system operator
with subsequent error calculation (e.g. Walsh test), see Section 5.2.4.
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6 Sediment Transport in Sewage Pressure
Pipes, Part II: 1D Numerical Simulation

6.1 Introduction

Numerical simulations are state of the art in challenging problems in urban water man-
agement. Whether in wastewater treatment, trying to optimize single or multiple treat-
ment processes, or in sewer systems, for hydraulic optimization or planning and design.
Modelling is today’s tool to solve complex problems efficiently.

Dealingwith hydraulic problems,modelling focus lies on non-pressure systems (open-
channel flow), mainly driven by heavy rain events, combined sewer overflows (CSOs),
pollutant loads, etc. Hence, the main effort of scientific research concentrates on grav-
ity sewers. Certainly, hydraulic simulation of pressurized systems is mostly a part of ur-
ban drainage modelling software, but this becomes almost insignificant in engineering
science. Currently, a reason might be due to more relevant problems occurring in grav-
ity sewers such as overload, flooding, CSO, or fat deposition. All these issues provide
opportunities for research. Whereas pumping systems are considered to be safe and
trouble-free systems, which may be due to their controllability (flow control by speed
regulation, pumps in series or parallel, pumps switching, etc.). The possibility to control
results in an almost absolute steady operation, thus, equal flow processes and subse-
quently the assumption of a uniform and unchanging environment inside the pressure
pipe.

However, there are several disadvantages of pumping systems. One main drawback
is the use of energy. For the transportation of fluids, pump power has to overcome,
beside the geodetic height difference, the sum of friction losses. This sum increases
with the square of the flow velocity (according to the calculation of friction losses by
Darcy–Weisbach). Conversely, reducing the speed by half, quarters the dynamic friction
losses and subsequently reduces energy consumption. Therefore, a large energy saving
potential in urban drainage is related to the operation of sewage pumps. So, reduc-
ing flow velocity is the key to energy optimization. The reduction has several benefits
(next to energy saving): It increases the pump duration, reduces the off/on switching fre-
quency and homogenizes the flow to the downstream sewer system. But it also comes
with a significant disadvantage. It might increase the risks of sedimentation and subse-
quently blockages, as solids are settling when velocity and resulting bed shear stress is
below a critical level.
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Another disadvantagemay occur due to the increased retention time inside the pressure
pipe. The decomposition of sewage may be increased, leading to the formation of toxic
and corrosive gases (e.g., hydrogen sulfide). This problem can be engaged by a chemical
precipitation.
Especially with regard to sedimentation and erosion, a numerical simulation is now

of interest. Within a case study in an urban region in northern Germany (city of Rostock),
solids transport inside a pressure pipe was investigated within several ex situ (labora-
tory) experiments in Chapter 3 and 4 and continuously monitored by in situ turbidity
measurements for one year under energy-efficient pump control in Chapter 5. However,
the energy-efficient control was only permitted in certain range of operation conditions.
Especially low flow velocities could not be realized due to the risk of blockages. Moni-
toring of solids transport under low flow velocities, or after longer pump pauses, could
not be investigated. Hence, a sediment transport model was developed and calibrated,
to extrapolate the observed data into the restricted range of operation.

In this work, the sediment transport model is introduced, calibrated and used to sim-
ulate the above mentioned conditions. This publication implies the following main ob-
jectives:

• derive a physical, but still simple, numerical model for solids transport inside
sewage pressure pipes

• calibrate themodel based on ex and in situ determined sedimentation and erosion
characteristics

• determine the accuracy of the transport simulation

• investigate and evaluate solids transport under various flow regimes.

6.1.1 Literature review

The simulation of non-cohesive sediment transport in sewers can be split up into mor-
phological and mathematical models. Morphological (or detailed sediment transport)
models uses, as the name suggests, the (mostly abstracted) morphology of the parti-
cles to be transported. Common morphological models are the “Bagnold Model” [82],
the “Engelund–Hansen Model” [83], the “Ackers–White Model” [84], the “Engelund &
Frodsøe Model” [85] and the “van Rijn Sediment Transport Model” [86]. Several morpho-
logical models found their way into hydrological and hydraulic modelling, whether in
river modeling (e.g., HEC-RAS) or urban water modelling (e.g., DHI Mike Urban). All these
models are driven by the main physical force reacting to the particles, which is shear
stress. Hydraulic data is received by a hydrodynamic simulation. The sediment transport
is then uncoupled (water flow and sediment transport not interacting), semi-coupled
(water flow and sediment transport interacting by iteration of uncoupled model, e.g.,
[87–89]), or fully coupled (simultaneous computation of flow and sediment transport,
e.g., [90, 91]) to the hydraulic computation.
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Mathematical models bases on the one-dimensional ADE, describing the mass conser-
vation of substances transported in direction of the mean flow velocity. The use of the
ADE is widely spread, e.g., for modelling the transport of dissolved substances in natural
flow processes (e.g., inside ground water bodies or river flows) or modelling substances
in urban drainage systems or water distribution.

Hydrodynamic urban drainage models are regarding 1 D channel flow by solving the
Saint Venant equation. The ADE is then commonly used by urban water modelling soft-
ware (DHI Mike Urban [92]) for modelling the transport of dissolved substances/pol-
lutants (e.g., organic pollutions (biochemical oxygen demand)). Nevertheless, the ADE
is not exclusively limited to the transport of dissolved substances. [92] mentioned the
ADE “(...) can also be used for the simulation of suspended (fine) fraction of particulate
pollutants and sediments.” [92, p. 99].

However, irrespective of the substance to be transported or the transport formulation
approach (detailed or mathematically), the sediment transport is usually described in
literature/computed by software for non-pressure systems (open-channel flow, pipes).
The transport of substances in urban drainage pressure pipes is commonly not com-
puted by any transport simulation. Pumping systems are usuallymodelled without pres-
sure mains, but rather as a direct connection between the sump and the end-node with
a fixed pump capacity (see also [92]). As a result, the “(...) dissolved matter is routed
through such a system with no time lag between the pump and the end of the conduit.”
[92, p. 108].

The application of ADE for modelling transport of dissolved/particulate substances
inside pressure pipes is common for water distribution systems. Modelling water qual-
ity within the simulation software EPANET 2 provides possibilities to transport dissolved
substances through a pressurized system [93] (also implemented in DHI Mike Urban WD
tool). The basic idea of the substance transport within this study is similar to the water
quality modelling idea in EPANET 2.

Next to numerical approximations, soft computing methods (e.g., artificial neural net-
works, fuzzy logic and evolutionary computation) also tried to approximate real-life
problems and so used to estimate the sediment transport in urban drainage systems
[94–99].

The presented 1D sediment transport simulation in this publication is computed by
an uncoupled mathematical model that is based on the ADE.
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6.2 Methods

6.2.1 Study area, pump control and monitoring total suspended solids

The supervision of solids transport under an energy-efficient pump control was imple-
mented in PS Rostock-Schmarl in the city of Rostock (northern Germany). PS Rostock-
Schmarl conveys the raw sewage of ≈ 40 000 inhabitants directly, via two cast iron
pipelines of 600mm diameter and 4500m length, to the central WWTP in Rostock, by
four pumps of 220 kW total pump power. The incoming sewage is filtered by a 20mm
rake at the inflow side of the PS. Under dry weather inflow the TSS concentration usu-
ally ranges from 150mg/L up to 350mg/L. The upstream, usually separating sewer sums
up to 80 km. Under rainfall, the main roads storm runoff is connected to the upstream
sewer (total suspended solids concentration then increases to > 500mg/L). A parallel
storm sewer receives the residual surface and roof runoff. Additional information about
the study area are provided in Chapters 3 to 5. Chapter 5 includes a detailed schematic
view of the sewer system and PS Rostock-Schmarl.

The usual operation mode of PS Rostock-Schmarl is a conventional two-point op-
eration, where pumps switch on and off at pre-defined water levels inside the pump
sump (sloped, squared geometry with a volume of 178m3). When pumps switch on, the
variable frequency drive guarantees a soft start of the pumps. After a one minute soft
start, the pumps operate at a defined duty point. In full power mode, the pumps duty
point is then at ≈ 166 L/s (head loss ≈ 18.3m) by ≈ 0.6m/s flow velocity, respectively.
The usual operation mode is the reduced two-point control where the flow decreases
down to ≈ 100 L/s (head loss ≈ 17m) by ≈ 0.35m/s flow velocity, respectively. For a
studied period of one year, an energy saving operation was implemented, to control
two pumps and enhance energy efficiency. At low inflow, the duty point decreases to
≈ 76.5 L/s (head loss≈ 16.7m) at≈0.27m/s flow velocity. Energy savings amount to 11%
compared to conventional operation. The following constraints mainly hindered addi-
tional energy savings: (i) minimum flow rate of ≈ 53 L/s (flow velocity ≈ 0.2m/s) and (ii)
pumps forced to start up to maximum flow in each pump sequence, before regulating
down to energy-efficient flow. These rules are defined by the operator to ensure solids
transport and to avoid blockages. For detailed information about the control modes,
see Chapter 3 and [13, 14].

In parallel, measuring TSS by two turbidity sensors directly inside the pressure pipe
(one at pumps pressure side and one at the outflow side in WWTP Rostock) ensured
a continuous monitoring of solids transport. Furthermore, the measurements provided
data for continuous determination of solids settling and erosion characteristics and
subsequently data for model calibration. The monitoring system is explained in depth
in Chapter 5. Figure 26 shows a simple schematic view of the study side.
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Figure 26. Schematic view of the study side. TSS are measured inside the pressure pipe in PS
Rostock-Schmarl and at the outflow side in the WWTP Rostock after 4.5 km.

6.2.2 Sediment transport basics

The transportation of solids inside a fluid is mainly influenced by two main physi-
cal effects: (i) sedimentation and (ii) erosion. Equally to those two effects, two oper-
ation modes can be distinguished in pressurized flow: (i) pump pauses (shut off mode),
where only sedimentation occurs and (ii) pump sequences (shut onmode), where solids
eroded and subsequently transported under adequately hydraulic conditions.

In pump pauses, solids are settling according to their settling velocity at different
speeds, mainly determined by their density and size. The sediment layer at pipes in-
vert is then a superposition of different solid fractions. The settling behaviour of vari-
ous particle fractions can be described as a settling velocity distribution, as conducted
in Chapter 3. The computation of several particle fractions is useful for dealing with
pollutant transport when specific fractions contain more pollutants than other compo-
nents [100]. However, modelling various velocity classes also requires larger coding and
computing effort. In contrast, pure mass growth of solids, when only TSS fluxes are of
interest, can be modeled and calculated easily as an appropriate solution of a usual
differential equation, e.g., as an exponential decay of solids concentration inside the
fluid, as introduced in Chapter 5.

In pump sequences, solids eroding due to the force exerted by the turbulent fluid flow
inside the pressure pipe (Reynolds number of 240 000 at 0.4m/s flow velocity). The force
is expressed by the shear stress τ (N/m2) or indicated more exactly by the bed shear
stress. When pumps speed up, flow velocity increases until τ reaches the critical shear
stress level of the particles τcrit (N/m2). Because of the different densities of particles,
solids are eroding successively after τcrit level of the lightest particle fraction is reached,
until all particles are eroded. Solids are then transported either as bed load (sliding,
rolling and leaping of single particles) or suspended load, where particles are following
the swirled streamlines of the turbulent flow. Suspended solids are then also moving
transverse to the flow direction.
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The physical processes within the erosion are by far more complex as pure sedimenta-
tion of particles. So, the implementation into a simulation results in high computation
effort. If the flow is always turbulent (here Reynolds number of 120 000 by a minimum
flow velocity of 0.2m/s) and only a mass balance is required for a simulation, swirls and
micro effects can be neglected.

6.2.3 Mathematical approximation

The solid transport is simulated for the above described pressure pipe (length l = 4500m,
diameter d = 0.6m), conveying (mechanical pre-treated) raw sewage and sequentially
combined sewage to the WWTP Rostock. The mathematical model is based on the ADE,
Equation (31).

δu

δt
= −v

δu

δx
+

δ

δx
Dxx

δu

δx
+ r (31)

In Equation (31), the advective transport is represented by the first term −v δu
δx

(kg/(m3 s)), the dispersive transport is represented by the second term
δ
δx
Dxx

δu
δx
(kg/(m3 s)) and the reaction of a substance is represented by the third term

r (kg/(m3 s)). With u being the concentration of a substance to be transported (kg/(m3)),
t the time coordinate (s), v the flow velocity in flow direction (m/s), x the space coor-
dinate (m) and Dxx the dispersion coefficient (m2/s). The reaction of substances r is
defined by Equation (32). With P being the production of a substance to be transported
(kg/(m3 s)) andS the sinking or degradation of a substance to be transported (kg/(m3 s)).

r = P − S (32)

The complex physical processes during sedimentation and erosion are unnecessary
for pure modelling of the sediment flux. Hence, the following simplifications are as-
sumed for the simulation. The sedimentation of different solid fractions, as described
in Chapter 3, is not considered. The settling process is described as an exponential de-
cay of solids, similar to Chapter 5. This minimizes the particle fractions to simulate and
approximates the settling of solids adequately. The erosion of solids is described by
a single particle fraction as well. Once eroded, the particles are distributed homoge-
neously over the pipes bottom, as the mean flow velocity is uniformly distributed over
the pipes cross section in the model. As already mentioned in [93, p. 193] “Longitudi-
nal dispersion is usually not an important transport mechanism under most operating
conditions.” (with regard to dissolved substances). As a result, dispersion effects of con-
tiguous grid sections is neglected completely (similar to [93, p. 193].

Further simplifications are: No attention is paid to biogenic processes inside the fluid
or deposits phase, the pipes geometrical shape is ignored as the 1D sediment transport
is computed in longitudinal direction, the pipes negative or positive slope and curva-
ture has been ignored too. As a result of the simplification, the ADE simplifies to the
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one-dimensional advection equation with only the production and sinking left, Equa-
tion (33) (similar to [93, p. 193].

δu

δt
+ v

δu

δx
= P − S (33)

The transportation of solids is simulated as a mass balance (conservation of mass)
for the suspended load and bed load along the pressure pipe. Equation (34) describes
the conservation of mass for suspended load transport. Equation (35) describes the
conservation of mass for bed load:

δu

δt
+ v

δu

δx
=

a(w, v)

A
− s(u) (34)

δw

δt
= A · s(u)− a(w, v) (35)

The suspended load transport is defined as feeding minus loss. Therefore, the pro-
duction P is replaced by the erosion of solids a(w, v) (kg/(m s)) and the degradation S

is replaced by the particle loss inside the fluid s(u) (kg/(m3 s)). Thus, eroded mass per
pipe length and time a(w, v) divided by pipes cross section A (m2) minus the particle
loss inside the fluid s(u) represents the suspended load.

The bed load, Equation (35), is as well defined as feeding minus loss. Here, the feed-
ing is described by the particle loss s(u)multiplied byAminus the eroded mass a(w, v).
Erosion a(w, v) is described by Equation (36), with τpipe(v) (N/m2) the current bed shear
stress inside the pressure pipe, τcrit(w) (N/m2) the critical shear stress level of the raw
sewage dependent on the particle mass on pipes invert w (kg/m) and the erosion pa-
rameter d (s), which describes the strength of the erosion (see Chapter 4).

a(w, v) = max(0, d(τpipe(v)− τcrit(w)) · w) (36)

The sedimentation is described as a first order decay process modelled by Equa-
tion (37).

du

dt
= −α · u (37)

The differential equation is approximated by the particle loss s(u) by Equation (38),
with the settling parameter α (1/s), which determines the exponential decay and the
particle concentration inside the fluid section, u (kg/m3) (see Chapter 5 and [101]):

s(u) = u · α (38)
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6.2.4 Numerical method

The partial differential equations are solved by a finite difference method (FDM) (partial
derivatives are approximated as finite differences). FDM within water-quality modelling
were i.a. investigated by [102]. The authors conclude, that the FDM method is, next to
others, “(...) capable of adequately representing observed water-quality behavior (...)”
[102, p. 146].

The FDM method applied here is an explicit/implicit finite difference scheme cen-
tered in time (discretization in time) and backward in space (discretization in space).
The centered in time scheme taking the average value between time steps n and n+ 1

(also known as the Crank–Nicolson scheme). The first value n is calculated based on
the previously computed value n − 1 (explicit), while the second value n + 1 is calcu-
lated based on the formerly computed value n within the same time step (implicit). The
advective transport with the mean flow velocity results in the backward in space (or
upwind) scheme, where only transport in the flow direction (from backward grid point)
is allowed.

For the 1D sediment transport model, the pipe is separated into 900 segments, with
a length of∆l = 5m. For a stable solution, the Courant–Friedrichs–Lewy condition is de-
fined as |v·∆t

∆l
| ≤ 1. The time increment ∆t for a simulation step is then defined as

∆t ≤ ∆l
|v| . Hence, the advective transport cannot be faster than one grid point per time

step. Assuming a flow velocity of v = 0.5m/s, the time increment of a simulation step is
then calculated to ∆t = 10 s.

The numerical simulation is realized in several Matlab functions. The pump control
strategies of PS Rostock-Schmarl (several regular and energy-efficient control modes)
are implemented into the transport simulation to investigate the particle transport un-
der various control modes. Hence, the sediment transport simulation is based on the
mean flow velocity, computed by a previous pumping simulation.

6.2.5 Calibration parameters

As described by Equation (36) and Equation (38), the parameters α, d and τcrit are mainly
responsible for the sedimentation and erosion behaviour and subsequently important
for model calibration. The calibration of the transport simulation is based on two pa-
rameter sets: (i) ex situ parameters, resulting from laboratory experiments and (ii) in
situ parameters, resulting from continuous turbidity measurement.

Ex situ parameters are provided by laboratory experiments, dealing with sedimenta-
tion and erosion of raw sewage samples from PS Rostock-Schmarl (see Chapters 3 to 4).
Both experiments are explained in a few words: (i) the sedimentation tests are con-
ducted in a vertical cylinder, the deposited mass is determined after various settling
durations and the main outcome are growth curves for settled solids mass.
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(ii) the erosion is tested in a vertical cylinder, the raw sewage is stirred until particles
eroding from the ground level, the resulting erosion rates are detected by a continu-
ous turbidity measurement and the calibration parameters are derived from the growth
curves and erosion rates. Hence, the parameters are based on a great simplification
of real-world conditions. For the settling parameter α, values between 0.0036 s-1 and
0.032 s-1 were determined, for settling periods of 24 h. The erosion parameter d was de-
termined between 0.057 s and 0.56 s after settling for 24 h.

Another calibration parameter is τcrit. The critical bed shear stress defines the erosion
limit and depends on the previous settling duration (long settling periods resulting in
high τcrit values). The determination of τcrit results in values of 0.08 N/m2 for settling
periods up to one hour and < 0.2N/m2 for settling periods of up to three days (see
Chapter 4). The bed shear stress inside the studied pressure pipe is calculated by Equa-
tion (39), based on the fluid density ρ (kg/m3), the flow velocity v (m/s) and the friction
factor λ (calculated by the Colebrook–White equation).

τpipe = ρ ·
v2

2
·
λ

4
(39)

τpipe is calculated for the minimum flow velocity of ≈ 0.2m/s to ≈ 0.1 N/m2. Hence,
theminimumflow velocity reaches the τcrit value for one hour prior settling (0.08N/m2).
At PS Rostock-Schmarl, pump pauses above one hour are prevented by a control regula-
tion: At least one pump starts per hour to avoid blockages. But due to pumps soft start,
the motor speed is regulated from zero flow up to full flow within 60 s, which results
temporarily in flow velocities < 0.2m/s. To always have the correct τcrit value before
pumps start, τcrit is implemented into the simulation as a function of the prior settling
duration. The present value of τcrit is received during the simulation by an interpolation
between the laboratory τcrit results of Chapter 4.

The second parameter set are the in situ parameters, provided by a continuous tur-
bidity measurement, as described in Chapter 5. Mass growths and erosion rates are
determined inside the pressure pipe, as the pump pauses and pump sequences rep-
resenting the settling and erosion experiments, respectively. By this, a wide range of
calibration parameters are derived under real world conditions. After analyzing 6733
single settling events (or pump pauses), the settling parameter α is calculated to an
average value of 0.0026 s-1. The erosion parameter d is calculated to an average value
of 0.018 s, after an analysis of 6653 single erosion events (or pump sequences).

However, due to the large number of events, a much more precise classification than
pure average values can be achieved. In Chapter 5, a diurnal variation of the settling
and erosion behaviour along with the variation of the inflow rate (and accordingly the
TSS inflow) was detected. The changing settling and erosion behaviour are reflected by
the settling parameter α and the erosion parameter d.
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6 Sediment Transport in Sewage Pressure Pipes Part II

Hence, if the transport parameters dynamically change with the TSS inflow during sim-
ulation, the model always computes the appropriate settling or erosion process. After
combining the settling parameter α of each single settling event (6733 in total) to the
present TSS value, a simple linear function derives, Equation (40), with uinflow (mg/L),
the TSS inflow concentration.

α(uinflow) = 1.06 · 10−5 · uinflow (40)

The erosion parameter d changes proportionally with the settling parameter α. The
ratio is determined to 1/0.1902. d is then calculated by Equation (41).

d(α) =
α

0.1902
(41)

To illustrate the continuous adaptation of the model parameters, Figure 27 shows,
exemplarily, the status bar of the sediment transport simulation. At the current simu-
lation time 01:36 p.m. the pumps generate a flow velocity of 0.3m/s. Figure 27a-d show
the simulated values for suspended load (Figure 27a), bed load (Figure 27b), the set-
tling parameter α (Figure 27c) and the erosion parameter d (Figure 27d) over pipe length
(4500m).
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current simulation time: 13.6 [h]    

current flow velocity v = 0.3 m/s    

a)

b)

c)

d)

Figure 27. Status panel of the sediment transport simulation. Subfigure a) Present suspended
load inside the pressure pipe at each grid position. Subfigure b) Present bed load inside the
pressure pipe at each grid position. Subfigure c) Present settling parameter α inside the
pressure pipe at each grid position. Subfigure d) Present erosion parameter d inside the

pressure pipe at each grid position.

6.3 Results and Discussion

6.3.1 Evaluation of model accuracy

The evaluation of the numerical solution is based on a simple comparison. The reference
values were compared to the simulation results. The best solution (minimal deviation
to reference values) provides the best parameter set for later simulation of scenarios.
The reference values were measured at the pipes end by the calibrated monitoring (see
Chapter 5). The simulation was conducted with (i) static ex situ parameters, (ii) static in
situ parameters and (iii) dynamic in situ parameters.
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6 Sediment Transport in Sewage Pressure Pipes Part II

Figure 28 depicts the results of the sediment transport simulation for a typical dry
weather inflow at PS Rostock-Schmarl. With the original particle concentration mea-
surement at pipes end representing the reference values (black line). The simulation
provides representative results after 13 h, as the pipe is filled with clear water at the
beginning of the computation. All three simulations generally follow the measured TSS
course. The variable parameter set (green line, α = 1.06 · 10−5 · uinflow, d = α/0.1902)
only differs marginally from the reference values. The simulation with in situ parameters
(blue line, α = 0.0017 s-1, d = 0.0189 s) and laboratory parameters (red line, α = 0.00033 s-1,
d = 0.0362 s) differ to larger extent. In particular, particles are transported too fast and
reach the end of the pressure pipe too early. This is related to an underestimation of
the settling process. The simulated TSS by laboratory parameters never decreases be-
low 0.25 kg/m3, while the original measurement decreases partially below 0.15 kg/m3.
So the particles, mostly settle more completely in real life than expected by the lab-
oratory results from Chapter 5. One reason might be in the method (ex situ) itself, as
several uncertainties overlay (sampling, experimental setup and laboratory analysis)
and increase the measurement error.
The computation with in situ parameters resulted, by far, in better settling prediction,
but contains a time shift as well. The simulated curve illustrates the advantage of the
real-life measurement with less uncertainties, results in a more precise computation.
With the variable parameter set (derived from all in situ parameter sets), a realistic
particle concentration profile is simulated. This parameter set will further be used to
compute several scenarios.
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Figure 28. Results of the sediment transport simulation. Particle concentration measured and
simulated with laboratory-, in situ- and dynamic parameters with slightest deviation.
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The present deviation to the reference values are shown in Figure 29a and calculated as
(umodel−ureference)/ureference. A positive deviation within the settling sequences (Q = 0)
remarks an underestimation of the settling process, while reversely a positive deviation
within the erosion sequence remarks an overestimation of the real erosion process.
Both, under and overestimation occurs within the settling and erosion sequences, with
maximum values of ≈ + 109% (for laboratory parameters) (underestimation of settling
sequence). The variable parameter set simulation deviated at a maximum of + 75% (un-
derestimation of settling sequence) at the beginning and reduced to≈ + 50% during the
later simulation.

The largest deviations occur during settling sequences. The negative deviation at the
beginning of the settling sequence (see Figure 29a) remarks an overestimation, the par-
ticles are settling too fast. Later they are settling too slow, remarked by the positive de-
viation. Figure 29b shows the simulated particle concentration for an exemplary settling
sequence. As one can see, the real settling process (black line) seemed to be delayed.
The settling process started significantly after pumps stop (Q = 0). This behaviour can
be explained by the turbiditymeasurement. The reference values weremeasured only in
the sensor section (in pipes central region). If the pump process stops, particles settled
immediately over the complete pipe section. The particle concentration in the complete
fluid section decreases, while it stagnated in the sensor section. Particles settling out of
the sensor section were compensated by particles settling into this section. As a result,
the reference particle concentration decreases later than expected by the computation.

Figure 29. Results of the sediment transport simulation. Subfigure (a) present deviation from
all three simulated parameter sets. Subfigure (b) settling sequence detail.

However, the simulated settling illustrates real life conditions, as the computed mass
balance relates to the complete fluid section. This results, especially during the pump
pauses, in a varying deviation. A trend cannot be detected visually. Therefore, Figure 30
shows the cumulated particle mass, calculated from the measurement and all three
simulations.
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6 Sediment Transport in Sewage Pressure Pipes Part II

The particle mass, transported through the pipe, amounts to 1164 kg (reference values).
All three simulations were within a 10% deviation (164 kg). The in situ and variable pa-
rameter sets were within 5% deviation (82 kg). Hence, the sediment transport model can
be used with the variable parameter set to simulate the particle fluxes inside a pressure
pipe appropriately.

Figure 30. Results of the sediment transport simulation. Cumulative particle mass transport
measured and simulated with laboratory-, in situ- and dynamic parameters.

6.3.2 Sediment transport under various regimes

The calibrated sediment transport model offers various possible applications in the
field of urban drainage. We concentrate on the investigation of sediment transport in-
side pressure pipe under different flow regimes. Hence, the simulation of different pump
control modes is the basis. Step one: We computed the mean flow velocity over a de-
fined period, by a pump simulation. Step two: We computed the particle transport based
on the previously simulatedmean flow velocity, by a sediment transport simulation. The
simulated pump control modes are summarized in Table 7.
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6.3 Results and Discussion

Table 7. Simulated pump control modes with significant settings

Simulated pump control modes
Full power Reduced

Energy optimal
2-point control

Energy
Reduced energy
efficient control2-point 2-point efficient

control control control

Flow in duty point
(L/s) 166.5 100 76.5 76.5 76.5

Flow velocity in duty
point (m/s) 0.6 0.35 0.27 0.27 0.27

Head loss in duty
point (m) 18.3 17 16.7 16.7 16.7

Bed shear stress in
duty point (N/m2) 0.95 0.32 0.2 0.2 0.2

Power input in duty
point (kW) 55 33.5 22.5 22.5 22.5

Power
start-up* yes yes yes yes no

Adjusted pump flow
to inflow** no no no yes no

Parallel pumping
from critical sump

level
yes yes yes yes yes

Forced operation at
least 1/hour yes yes yes yes yes

* Pumps start-up to maximum power over one minute before regulating down to duty point in each pump
sequences
** If the inflow exceeds the present duty point, pump regulates up to the inflow rate

The main control rules from Table 7 represent real life pump control modes of PS
Rostock-Schmarl appropriately. The control modes differ mainly in the reduction of the
duty. Furthermore, some pump restrictions were added or left out, see Table 7. The
measured inflow and TSS hydrographs at PS Rostock-Schmarl represent the incoming
sewage and TSS flow for the pumping simulation. To compare the different pumping
strategies, all five control modes were simulated over the same period of 30 days. The
results were evaluated for bed load, suspended load and resulting energy consumption.
The resulting bed load and suspended load transport is shown in Figure 31. Figure 31a
shows the cumulative bed load while Figure 31b,c shows the cumulative suspended load
over 30 days simulation. Table 8 summarizes the simulation results for all five pump
control modes including the calculated energy demand.
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6 Sediment Transport in Sewage Pressure Pipes Part II

Table 8. Resulting bed- and suspended load for five different pumping modes

Simulated pump control modes
Full power Reduced

Energy optimal
2-point control

Energy
Reduced energy
efficient control2-point 2-point efficient

control control control

Total sediment
transport (kg)

30 140
(100 %)

30 066
(100%)

29 918
(100%)

30 517
(100 %)

30 011
(100 %)

Bed load
transport (kg)

360
(1.2 %)

546
(1.8 %)

750
(2.5 %)

757
(2.5 %)

841
(2.8 %)

Suspended load
transport (kg)

29 780
(98.8 %)

29 520
(98.2 %)

29 170
(97.5 %)

29 760
(97.5 %)

29 170
(97.2 %)

Power
consumption (kWh) 11 982

10 960
(-9 %)

9868
(-18 %)

9874
(-18 %)

7974
(-33 %)

The total transported sediment mass is similar in all five control modes and only
differs by ≈ 2%. In contrast, the ratio between bed load and suspended load varies
between control modes. As to be expected, the least amount of bed load was trans-
ported within the strongest operation mode: Full power two-point control with≈ 360 kg
in sum. The suspended load amounts to ≈ 27 800 kg in full power mode. Hence, the bed
load takes only ≈ 1.3% of the total transported mass (= 28 160 kg) while ≈ 98.7% are
transported within the suspended load at a flow velocity of ≈ 0.6m/s.
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Figure 31. Sediment transport simulation for five different pumping modes over 30 days.
Cumulative bed mass (Subfigure a) and suspended mass (Subfigure b) transport.

This ratio changes due to the weaker control modes on behalf of the bed load. The
bed load transport increases with a decreasing duty point (compare to Table 7). How-
ever, even at very low flow velocities of ≈ 0.27m/s within the energy-efficient control
modes, the proportion of the bed load transport only amounts up to ≈ 2.8% of the
total transported sediments.
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This means, a reduction of > 50% flow velocity and a loss of ≈ 80% bed shear stress
(from full power two-point control down to energy-efficient control, see Table 7) does
not results in significant changes of the bed or suspended load transport.

A critical transport limit is reached when the present bed shear stress falls below the
critical bed shear stress for eroding sediments. The erosion rate then becomes zero.
The least critical limit was calculated based on the results from Chapter 4 to ≈ 0.1m/s
flow velocity (≈ 28 L/s flow rate) at a critical bed shear stress of 0.02N/m2 after 20min
settling. This is below the technical minimum flow possible at PS Rostock-Schmarl of
≈ 53 L/s, which at the same time represents the absolute mean inflow value to the PS.
However, the simulation at a duty point of 0.2m/s flow velocity showed that only 77%
of the total sediment mass is transported (compared to 100% sediment transport in
full power mode). Applying the calibrated model at a duty point below the technical
limitation showed that having specific pure sewage flow velocities down to 0.1m/s are
feasible, but gradually lead to a decrease in transported sediment mass. Apart from
this, such a reduction is not feasible for reasons of capacity loss. It is therefore recom-
mended to set the duty point at least above the absolute mean inflow value, or even
better to the energy-optimal value. In addition, a flow adjustment should be installed
to compensate for inflow peaks, especially when storm runoff is connected. This guar-
antees both sediment transport and energy savings.

In order to put the sediment transport into context with the energy savings, these
were recorded during pump simulation. The simulation of the energy consumption shows
a good correlation of the pump simulation with the real system. The power consumption
simulated for 30 days under reduced two-point control amounts to 10 960 kWh. In the
same period, 11 179 kWh are measured in PS Rostock-Schmarl under reduced two-point
control. The deviation is only -2%. Concluding, the computed energy consumption can
be used to make reliable statements for all five control modes.
Already 9% energy savings were achieved in PS Rostock-Schmarl‘s usual operation

mode (reduced two-point control) compared to full power two-point control. Further
energy savings were obtained by the energy optimal two-point and energy-efficient con-
trol with 18%. The maximum energy savings of 33% could be achieved with the reduced
energy-efficient control.

It should be noted that these energy savings were computed for a PS with a very flat
system curve. The share of dynamic losses in total pressure losses was only 11% in full
power duty point (16m static head to 18.3m total head loss in duty point = 2.3m dynamic
loss). This proportion decreased with the energy saving control modes to 4%. So, the
energy saving potential was low and resulted in moderate energy savings compared to
the usual operation mode. The ratio changes in favor of energy saving when greater
friction losses occur in the usual duty point of a simple two-point control (e.g., with
smaller pipe diameter).
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6 Sediment Transport in Sewage Pressure Pipes Part II

However, the reduced flow regime in energy-efficient control contribute to the reduction
of CO2 emissions and operation costs without dangerously increasing the sedimentation
of sewage solids.

6.3.3 Sediment transport under storm water inflow

Storm water inflow alter the transport characteristics of the raw sewage (see Chapter 3
and 4). Sedimentation and erosion are intensified. Storm water inflows are considered
by the dynamical adjustment of calibration parameters α and d to the TSS inflow. Hence,
the settled mass in the specific grid cell increases faster within pump pauses when
storm water inflow enters the cell boundary. Subsequently erosion is intensified when
the pumps start up. The critical bed shear stress τcrit increases with the duration of the
pump pause, but is not affected by the storm inflow. As the mechanical pre-treatment
cleans the inflow from coarse material, it is assumed that the critical bed shear stress
value after the pre-treatment is not modified by storm inflow. This assumption was sup-
ported by the results from Chapter 3. The laboratory experiments with raw sewage sam-
ples from PS Rostock-Schmarl have shown that “the particle spectrum did not change
from dry- to wet-weather inflow (...), but rather the proportion of particles, especially
in the medium speed fraction.” [23, p. 10]. The proportion of the fastest particle class
(> 40mm/s) only increased by 1.19% from dry to wet weather sewage samples. An ag-
gravated erosion was considered by the increased sediment amount on pipes bottom.
The erosion process then simply takes longer. An example calculation is given in Chap-
ter 4, where the erosion process is prolonged with increasing settling duration.

The effect of stormwater inflow to sediment transport inside pressure pipe were eval-
uated for the same 30 days period as described in the previous section. Several rain
events are recorded during this period in the catchment area of PS Rostock-Schmarl.
Figure 32 shows the present amount of sediments inside the pressure pipe, simulated
over 30 days for all five control modes.

The present particle mass was calculated as the total sediments quantity in all grid
cells per time step (including both suspended and bed load). Figure 32 shows the present
particle mass inside the pressure pipe for full power two-point control in detail (grey
line) and for better visualization the 24 h simple moving average of the present particle
mass of all five control modes (black to yellow lines).

The recorded rain events are shown on the right axis (blue line). Due to the size of
the catchment area and the limitation of the connected areas on main roads (see Chap-
ter 5), not all storm runoffs finally reach the PS. A good example was recorded at day
6. The storm runoff quickly enters the upstream sewer and subsequently the pressure
pipe. The present particle mass increases up to ≈ 270 kg.
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Figure 32. Sediment transport simulation for five different pumping modes over 30 days.
Present particle mass inside pressure pipe on left axis and precipitation data on right axis

(rain events are measured by a German Weather Service (DWD) meteorological station located
inside the catchment area).

Under dry weather inflow, the peaks show the maximum sediment load inside the
pipe during the day (at lunch) at ≈ 160 kg, while the sediment mass decreases in the
night down to ≈ 115 kg.
Due to the 24 h average values, peaks were dampened but it provided the opportunity

of supervision. It shows the results of long-lasting trends more clearly. If the moving
average value increases constantly without decreasing, permanent deposits forming.
However, such a trend cannot be detected. Even the increase in sediment volume due
to storm runoff does not lead to a long-term formation of deposits. The sediments mass
leveled out at ≈ 145 kg.

This is, off course, a result of the model calibration with settling parameters α, d and
τcrit. These parameters, calculated from in situmeasurements in Chapter 5, representing
real life conditions inside the pressure pipe. The simulation shows, that even under
very low flow velocities, the sediments were transported safely. A permanent deposits
formation is prevented by the continuous pump operation regardless of the control
mode or the duty point.
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6.4 Conclusion

The paper presents a transport model for 1 D numerical simulation of the sediment
transport inside a pressure pipe. The model aims at an exact description of the sed-
iment transport by a limited but case-specific set of transport equations. It is quite
simple from a physical point of view. However, an easy but descriptive assessment tool
for sediment transport in pressure pipes is available, based on calibration parameter
determination by in situ measurements.

The following fields of application are conceivable: Energy-efficient pump control, op-
timization of sewage disposal and treatment supply to WWTPs, pollution transport to
urban drainage facilities, planning and design of urban drainage systems and optimiza-
tion of pipe flushing.

The investigation of hydraulic boundary conditions in pressure pipes under dry
weather and stormwater inflow have shown in case specific that very low flow velocities
and shear stress values are tolerable. Accordingly, the developed energy-efficient pump
control with low flow velocities can guarantee the safe disposal of wastewater streams.
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7 Final Discussion

The individual contributions are all driven by the same question: Can energy-efficient
pressurizedwastewater transport be combinedwith safe sediment transport? To answer
this question, the individual contributions are discussed in sum. Finally, the results are
structured and interpreted thematically regarding three categories: (i) technical, (ii) eco-
logical and (iii) economic. This allows the evaluation of the actual benefit of the results,
especially for the operation of pressure pipe systems.

7.1 Effects of the change in pump strategy

The strive for energy savings in wastewater pumping leads to a change from two-point
control to energy-efficient control. Figure 33 illustrates both pump strategies for the
same period (results are simulated based on calibrated pump simulation). The two-
point pump control in Subfigure a shows surplus pump capacity for most of the time
(see also Figure 1). Converted into power consumption, this proportion can also be seen
as a potential for current energy savings. Under consideration of the operation restric-
tions (forced runs, transport limits, sump level limits, etc.), a part of this potential can
nowbe obtained bymeans of the energy-efficient control. Subfigure b shows the energy-
efficient strategy in energy optimal duty point. If the inflow rate to the PS exceeds the
optimal flow rate, the flow rate is adjusted to the inflow rate. If the inflow rate falls below
the optimal flow rate, the pump operates with the optimal flow rate until the stop level
reached. Next to this, the following restriction always had to be respected: pumps are
forced to start-up to maximum power for one minute before regulating down to energy
optimal flow. At the energy-optimal flow, a significantly better adaptation to the current
pumping demand is achieved. The proportion of surplus pump capacity is correspond-
ingly lower.
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Figure 33. Pump control strategies in comparison and diurnal inflow rate to PS
Rostock-Schmarl. Subfigure a) two-point pump strategy. Subfigure b) energy-efficient pump

strategy in energy optimal duty point.

The resulting energy saving here amounts to up to 11% compared to the common
(reduced) two-point control of PS Rostock-Schmarl (18% energy saving compared to
full power two-point control, see Table 8). At the same time, the flow velocity decreased
from 0.35m/s to 0.27m/s. This makes a decrease of the bed shear stress from 0.32N/m2

to 0.2N/m2, see Table 8. The total duration of the daily pump pauses has been reduced
by ≈ 3.1 h, see Section 3.3.1. The longest pump pauses during the night partly decreased
from 2.5 h to ≈ 40min, see Section 3.2.3. On average, the pump pauses were reduced
from ≈ 64min to ≈ 20min, see Section 4.3.2.
Vice versa, the duration of the pump sequences increased by the same amount the

pump pauses decreased. The reason for this lies in the fact that exactly the same volume
of wastewater has to be pumped. Hence, the time a fictitious volume element passes
through the pipeline should be approximately the samewhen comparing different pump
strategies.

92



7.1 Effects of the change in pump strategy

Figure 34. Simulated flow duration of different pumping strategies for PS Rostock-Schmarl. An
example: a fictitious volume element entering the pressure pipe at 10 a.m. will arrive the

WWTP Rostock after 4 h at 2 p.m. irrespective of the control mode.

Figure 34 illustrates the flow duration required by a fictitious volume element to reach
pipes end (WWTP Rostock) when it enters the pressure pipe at a certain time. The flow
duration fluctuates just as the diurnal inflow variation to PS Rostock-Schmarl (see Fig-
ure 33). It results in transport durations between 3.8 h starting at 9 a.m and 11.75 h start-
ing at night. Most importantly, regardless of the pump strategy, the duration is almost
identical. The distance covered in a shorter time in regular- or full power control is com-
pensated by longer pump sequences in energy-efficient operation. An ”easily” trans-
portable wastewater would thus be transported even more safely, since the settling
sequences (pump pauses) have been reduced and the transport sequences (pump se-
quences) extended.

This is supported by the following consideration: PS Rostock-Schmarl and the con-
nected pressure pipe were already built during the construction of the large housing
estates in Rostock-Schmarl from 1976 to 1978. Thus, even before the study of the energy-
efficient control from 2015 to 2016, a safe operation was guaranteed for decades. Even
the installation of the VFD in 2001 and the adaptation of the control system had no
negative effects on the operation. At least for the majority of the time, the transport
characteristics must therefore be significantly below the recommendations here and
thus case-specific. It is consequently necessary to define and evaluate the transport
parameters exactly.
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7 Final Discussion

7.2 Ex- and in situ determination of the transport behaviour

Within this work, it was shown that the determination of transport properties with re-
spect to sedimentation (see Chapter 3) and erosion (see Chapter 4) by means of ex situ
laboratory experiments is possible with reasonable effort. Various plausibility calcula-
tions and finally the simulation of the transport of solids (see Chapter 6) have proven
the reliability of the methods. Both ex situ methods were constructed from literature
information and further developed and adapted.
In contrast, determining transport characteristics of raw sewage by in situ measure-

ments directly inside the pressure pipe is a completely new methodology. Comparative
literature was not found. Just like in modelling (see Section 6.1), this might due to the
assumption of controllability and consistency of processes inside the pressure pipe.
Research activities therefore tend to concentrate on gravity sewers. Furthermore, the
scepticism of the sewer system operator (which is not unfounded) is certainly often op-
posed to the technical implementation of in situmeasurement in a wastewater pressure
pipe, especially when dealing with older pipes.

However, in Chapter 5 it was shown that the technical implementation of an in situ
measurement provides above all very informative measurement results. In addition to
the pure monitoring of the solid flux, transport parameters can also be determined us-
ing simple evaluation routines. The in situ measurement is particularly suitable for the
observation and evaluation of sedimentation. Moreover, the in situ method can fun-
damentally enable the complete observation and characterisation of erosion process.
However, the erosion measurement is technically delimited by the given minimum flow
rate of 53 L/s, see Section 6.2.1. This results in a technical minimum bed shear stress of
≈ 0.1 N/m2. As the critical bed shear stresses are partly below this limit (see Table 5), it
is impossible to carry out the tests in reality (especially the transition to erosion can-
not be determined exactly). Concluding, the in situ measurement cannot replace the
laboratory erosion tests here. This might be different in drainage systems with lower
technical limitations or especially in combined sewers.

However, an exact determination of the case-specific transport behaviour is possible.
This is the prerequisite for the evaluation of the solid transport under certain pump
strategies. Furthermore, it can be proven that the transport parameters deviate signifi-
cantly from recommendations.

7.3 Evaluation of the case-spefic transport characteristics

In the present work, the sedimentation was first described in Chapter 3 by means of
a settling velocity distribution. The material is divided into different settling velocity
classes (similar to a grain size distribution). This allows a good assessment of the sedi-
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7.3 Evaluation of the case-spefic transport characteristics

mentation dynamics and thus already first statements regarding the sediment transport
and the behaviour in the pumping process, see Section 3.3.3.
A high percentage of rapidly settling particles with a small velocity distribution has a

negative effect on the pump operation. In contrast, a rather broad velocity distribution
with slowly settling particles is a good pumping medium. This is precisely the case for
the dry weather-, raw sewage inflow to PS Rostock Schmarl, see Figure 10 Subfigure b.
Based on the velocity distribution for dry weather conditions, it can already be con-
cluded that there is hardly any risk of disturbance by sedimentation inside the pipe.
The sewage samples also turns out to be a very slowly settling material in a literature
comparison. The literature comparison from Section 3.3.2 is graphically presented in
Figure 35 (only studies with the same methodology are presented).
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Figure 35. Settling velocity distribution in literature comparison under dry weather- and storm
water inflow: settling velocity of 50% of particles v50.

To compare the studies, the settling velocity of 50% of the particles, v50, was chosen
here, as this parameter is already used in the literature. The v50 value was not reached
here under dry weather inflow, see Figure 10 Subfigure b. Nevertheless, compared to the
literature values (which mainly originate from combined or storm water systems), the
v50 values during dry weather inflow are significantly lower. This shows that the respec-
tive wastewater must be distinguished in each case.

The connection of themain road to the normally existing separation system in Rostock-
Schmarl causes a temporal change of the sedimentation characteristics at storm runoff.
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The storm water inflow changes the settling velocity distribution and thus increases the
v50 value, see Figure 35. In comparison to the literature, the v50 values under storm wa-
ter inflow are still significantly lower. This also supports the statement that the solid
transport should be considered case-specific.

The situation is similar for the critical erosion limit τcrit. In Table 9 the literature com-
parison from Section 4.3.3 was summarized and further comparative values were added.
The results show that the determined transport limits for the pure sewage case here are
clearly below the literature values, which were mainly performed in combined sewers.
Furthermore, it can be seen that there are also considerable differences between the
combined sewers itself. Both facts confirm to the case-specific consideration. However,
it should not be ignored that these differences may have multiple causes: (i) settling
duration: common settling durations for erosion tests in the range of 24 h up to several
years. (ii) type of sediment: cohesive sediments (high organic loads) and large, heavy
particles with increased mineral content in combined systems. (iii) method: variation of
applied erosion measurements (open channels, cylinders, pipes, etc.).

Table 9. Comparision of critical bed shear stress values τcrit with literature data

τcrit Reference Comment
(N/m2)

5 - 7 Kleijwegt 1990 [103] Ex situ laboratory test with cohesive sediments (combined sewer)
1.3 / 20 Kamphius 1990 [104] Ex situ laboratory test with/ without grains of sand
1.8 - 2 Ashley 1992 [105] In situ tests (combined sewer)
7 - 2500 Wotherspoon and Ashley 1992 [106] Ex situ laboratory test with cohesive sediments (combined sewer)
2.2 – 5.6 Ristenpart 1995 [68] In situ tests in combined sewer during storm water inflow
0.44 – 1.02 Ristenpart 1995 [68] In situ tests in combined sewer during dry weather inflow
0.3 – 0.6 Gunkel 2017 [107] In situ tests for combined sewage
0.015 – 0.16 Rinas 2018 [24] Ex situ laboratory test with raw sewage (dry weather inflow)

An interesting fact here is that the particle spectrum hardly changes by storm water
inflow. Only the particle distribution within the particle spectrum changes due to the
storm runoff, see Section 3.3.2. This causes an increased rate of sedimentation (see Sec-
tion 3.3.3) which subsequently causes an aggravation of erosion due to larger deposition
rates (see Section 4.3.2). The problem is particularly apparent in two-point operation,
when long pump pauses cause a high amount of deposits (see Figure 11).
Logically, it is safer for solids transport to keep the solids in suspension for a longer

period of time at slow flow velocities than to allow them to settle more strongly during
longer pump pauses caused by higher flow velocities. Since the particle spectrum has
not changed during storm runoff, there is no change in the critical erosion parameter
τcrit. Consequently, the slower and prolonged transport in energy-efficient operation
does not pose a safety risk.

If one considers the technical implementation, various restrictions have to be re-
spected, especially during storm water inflow. In energy-efficient operation the pump
capacity is adjusted to the inflow as soon as it exceeds the optimal flow, see Section 3.2.1.
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7.3 Evaluation of the case-spefic transport characteristics

This leads to permanent changes in the flow velocity and pump pauses. Since this also
occurs briefly in dry weather inflow (see Figure 33), but above all with storm water in-
flow, only a rough evaluation of the transportation of solids by interpretation of the
determined transport properties is possible.

Amuchmore dynamic view is provided bymonitoring the transport of solids bymeans
of online TSSmeasurement. Since the direct effects on sediment transport of the change
in pump control are permanently measured here, muchmore precise statements can be
made. This is mainly due to the increased data volume provided by the continuousmea-
surement, see Section 5.3.2. This allows the separation of the series of measurements
into settling- and erosion phases, making the pressure pipe itself a test reactor.
Hence, the change of the transport properties by storm water inflow could be pre-

cisely observed and analysed here, see Section 5.3.5. Above all the in situ determina-
tion especially contributes to the detection and definition of the diurnal variation of
the transport parameters, see Section 5.3.7. This results in a further level of detail in
the evaluation of transport behaviour. In addition, the laboratory results could be con-
firmed, see Section 5.3.4 and Section 5.3.6.

The description of the sedimentation differs for in situ measurements. The formely
used settling velocity distribution (see Chapter 3) is replaced by a settling rate. This set-
tling rate is described by an exponential decay, see Section 5.2.5 and Section 6.2.3. This
allows by far much easier analysis of the extensive data and also simplifies the descrip-
tion of the settling process. In spite of this simplification, good results were achieved in
adapting the function, see Section 5.3.2. The process itself is described by a single pa-
rameter, the settling parameter α. This contributes especially for modelling. Since the
aim from the beginning was to keep the model as simple as possible (no differentia-
tion into settling classes), the number of calibration parameters had to be decimated.
Hence, the settling process itself as well as its diurnal variation is described only by
determining α. This simplifies the implementation into the model as well as the com-
putation effort per time step.

The final level of detail in the evaluation of the transport behaviour is achieved by the
development of the sediment transport model. The preceding investigations are to be
regarded as direct input for the creation and calibration of the model, see Figure 3. The
simulation enables the evaluation of the case-specific wastewater transport. Further-
more, a combination to a pump control simulation allows the evaluation of the resulting
solid transport under different pump strategies.
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7.4 1 D solid transport simulation

The presented sediment transportmodel is a one-dimensional numerical transport sim-
ulation. This means, the transportation of the solids (undissolved material) is only com-
puted in one direction, which is the longitudinal direction here (along the pipe axis). The
transportation itself is based on the ADE, see Equation (31), which is simplified to the
one-dimensional advection equation, see Equation (33). According to this simplification
(see also Section 6.2.3), the transportation is only permitted in positive flow direction.

The transport of materials is generally divided into the following three types (accord-
ing to [108]): (i) bed load (particles glide, roll or jump on the bed), (ii) suspended load
(particles that are kept above the bed by turbulence (according to [109]) and (iii) wash
load (particles and substances floating always above the bed, no sedimentation).
As this classification was developed for running water bodies, it can more or less

be transferred to the transportation of substances in sewers (see [110] and [111]). The
solids to be transported here are always partitioned into the two fractions suspended-
and bed load, see Equations (34) to (35) (conservation of mass). The simulation of the
wash load is not performed here, since it generally only contains non-sedimentable
and dissolved material. The partial differential equations are discretized by the finite
difference method (FDM). By this, they are replaced (approximated) by difference quo-
tients at finite grid points. The resulting system of equations is then solved stepwise by
means of algebraic matrix operations within a computing environment (here Matlab).
The solution gives the proportion of solids in the respective fraction at each time step
and at the grid positions within the pipeline.

The formerly defined transport parameters α, d and τcrit (see Chapters 3 to 5) deter-
mine the transport processes (sedimentation and erosion) modelled in the system of
equations. The characteristic of the entire transport process is thus controlled by these
three parameters. All three are non-static. They are changing, according to the inflow
condition (α and d) and the settling duration within the pump pauses (τcrit), see Sec-
tion 5.3.7 and Section 6.2.5. The flow velocity required for the sediment transport com-
putation is provided in advance by the simulation of the pump control. Together with
the pump simulation, these models are uncoupled. It means that there is no change in
the flow parameters in the pump simulation due to the effects in the sediment trans-
port model (e.g. increase of the flow velocity by decreased pipe cross section due to
increased deposits).

In principle, any number of different pumping strategies can be simulated, while five
different pump modes were compared here, Section 6.3.2. In addition to pumps techni-
cal data (pump curve, performance curve, motors and pump efficiencies, etc.) and the
sump geometry, the actually measured inflow curve is also used as input variable for
the pump simulation. A wide range of measured inflow curves is therefore beneficial to
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be able to simulate real scenarios. The simulation in Sections 6.3.2 to 6.3.3 is based on
the measurement of the inflow to PS Rostock-Schmarl over 30 days in April 2016.

Due to the simplifications already mentioned from Section 6.2.3, the simulation results
must be interpreted under the following aspects:

• Flow formulation: The previously executed pump simulation does not contain a
hydrodynamic flow formula. The flows in the duty points (see Table 7) are calcu-
lated as mean flow velocities based on the continuity equation (one-dimensional
stationary incompressible flow in a fully filled pipe). This represents the flow veloc-
ity required for sediment transport over the complete pipe cross-section (velocity
distributions over the pipe cross-section are neglected). Transient flow processes,
resulting from e.g. the closing of a gate valve or the switching on and off of a pump,
are neglected here. This mainly concerns the pressure surges (water hammer) as
they are not respected in the model when pumps switching on or off. Hence, set-
tling starts immediately when the pump switches off. In reality, sedimentationmay
be delayed by the pressure waves.

• Model coupling: As already mentioned, both models (pump and sediment trans-
port simulation) are uncoupled. The pump model only influences the sediment
transport model. In reality, it is certain that increased power consumption due to
increased frictional losses caused by increased sedimentation occurs. It is con-
ceivable that a state of equilibrium is established in the case of extreme depo-
sition formation in reality. Initially low flow velocities lead to the formation of
permanent deposits which in turn increase the flow velocity. An equilibrium may
be reached when the erosion caused by the increased flow velocity is equal to the
rate of deposit formation. This might be a very important effect for the formation
of deposits by sewage with high tendencies of settling. It should be noted that
these effects are not considered here.

• Settling formulation: A potential deposit layer is distributed evenly on pipes bot-
tom. No attention is paid to the pipes shape, see Section 6.2.3. In reality, deposits
are probablymore like normal distributed around the vertical pipe axis (the higher
the sedimentation column, the higher the layer thickness). As already mentioned
in Section 7.3, the settling formulation is simplified to an exponential decay. Hence,
there is no separation into particle classes in the model.

• Erosion formulation: Since there is no separation into particle classes and the
flow formulation leads to a mean velocity over the pipe cross section, eroded
sediments are uniformly distributed over the pipe cross-section. In reality, there
is certainly rather an increased proportion of the heavier particles near the bottom
of the pipe depending on the flow velocity destribution, see [111].

The critical bed shear stress increases with the pump pause. If sediments are in-
completely eroded after the subsequent pump sequence, the settling period is
not continued (see also item ”Transport processes”).
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τ100, the complete resuspension bed shear stress (see Section 4.3.1) was not in-
cluded in the simulation. Pump pauses of 20 to 60min (see Section 4.3.2) results
in τ100 values of about 0.2 to 0.4N/m2 (see Section 4.3.1). These values are achieved
in all applied control modes (see Figure 19 or Figure 25 c and e). Furthermore, the
implementation would have made the model more complex, which would be in
conflict with the actual objective of making the model as simple as possible.

• Transport processes: Particle transport can generally be divided into the pro-
cesses erosion, transport, deposition and consolidation (commonly known as ETDC-
cycle, see [110]). The definded transport parameters here describe the two pro-
cesses erosion and sedimentation. The particles are transported at the mean flow
velocity as soon as the critical bed shear stress is reached. If the bed shear stress
falls below the critical bed shear stress sedimentation occurs. Special laboratory
tests to determine the subsequent consolidation effects were not carried out.
However, indications of initial consolidation effects could be found in the ero-
sion tests (see Section 4.3.1). Sediments within the pipe consolidate when left in
place. That is, when erosion is incomplete. This can occur when pumping with suf-
ficiently high shear stress but only at short intervals. Hence, besides the force
itself, the duration of the force effect on the sediment bed is also decisive. This is
because, the force (bed shear stress) always acts only ”layer by layer”, see [27, p.
142]. The erosion rate is then not high enough to erode all sediments within the
time slot (pump sequence) and consolidation occurs. Further considerations will
be concluded in Chapter 9.

• Topography: As the pipes negative or positive slope and curvature are ignored,
settling processes on slopes are not intensified (particles on pipes bottom do not
glide or roll downhill) and erosion processes are not hindered (uphill) or intensi-
fied (downhill).

• Status quo: Simulation starts with new pressure pipe filled with clear water and
without any deposits. All previous states cannot be simulated. The system has
been in operation for over 40 years, see Section 7.1. This results in numerous dif-
ficulties: lack of knowledge about long-term control strategies, no technical data
on the previously installed pumps, no information on modifications or additional
installations, repairs and temporary shut-downs or cleaning work on the pressure
pipe, no information on long-term upstream sewer connection situations that may
have led to other operating conditions within the pipe, no long-term recorded in-
flow hydrographs as well as TSS inflowmeasurement, no information on long-term
use of the rake, etc.
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• Sewage characteristic: The modelled sediment transport is representative for a
pure sewage from a separating system. Compared to the literature, the wastewater
is easy to transport. The sedimentation tendency is very low (see Table 8) and it
can be eroded easily (see Table 9). A change in the wastewater characteristics
is caused by storm water inflow, see Section 5.3.5. The effects on the transport
properties, however, are rather small. Hence, it is still easy to transport even under
storm water conditions.

Considering the simplifications, the results of the simulations are sufficiently accu-
rate for an assessment of the sediment transport in pressure pipes, see Section 6.3.1.
This allows the simulation of a PS with different pumping strategies including sediment
transport. In this way it can be examined whether energy-efficient pump control is com-
patible with a safe sediment transport.

7.5 Evaluation of the solid transport under reduced flow
conditions

The results of the laboratory tests (Chapters 3 to 4), online monitoring (Chapter 5) and
the pump- and sediment transport simulation (Chapter 6) have shown that it is possible
to reconcile a reliable wastewater pumping with an energy-efficient control for an urban
wastewater PS.
In the following sections, these results are evaluated from a technical, ecological and

economic point of view. In parallel, case-specific recommendations for operation are
derived. Evaluations and recommendations are based on the ex- and in situ tests and
the pump and sediment transport simulation.

7.5.1 Technical evaluation and recommendation

Energy savings based on the reduction of dynamic energy losses are possible through
active control of the pump system. Hence, essential for the implementation of an energy
efficient control in a drainage system is a speed control of the pump motor. A sewage
PS must be equipped with a VFD, if not already installed. The entire technical upgrade,
the implementation of the pump control into the programmable logic controller and
connection to the process control system results in technical, personnel and financial
expenditure. Despite the expenditures it was shown that the amortization period is only
a few years, see [15].
The non-invasive determination of the deposit height carried out in Section 3.3.4 can

be used as a proven method to monitor the actual status of the pressure pipe. Thus,
monitoring by means of online TSS sensors can be omitted [15]. An ex- or in situ deter-
mination of the transport parameters is not replaced by this, however. Further expla-
nations have already been given for the determination of the deposition height by [13,
15].
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On the other hand, there are primarily the savings resulting from the reduction of
energy consumption. But there are also other positive effects. By using the VFD and the
energy-saving control system, pump components are also protected by reducing me-
chanical stress (e.g., motor coupling, pump impeller, etc.). This contributes to extended
life cycles and reduces service requirements. Furthermore, the use of VFD reduces wa-
terhammers by a controlled stop of the pump. This protects the pressure pipe itself as
well as its installation parts.
Changing the control system of a sewage PS also has an impact on the surrounding

sewage network. Negative effects on the upstream sewers can be excluded here, since
the original switch-on points of the pumps are retained within the energy efficient con-
trol. Even under extreme storm water inflow, forced control systems come into effect
which trigger parallel pump operation. Thus, for example, possible intentions to use
the storage capacity of upstream sewers in case of storm water runoff are not hindered.

The mechanical pre-treatment installed in the PS Rostock-Schmarl (rake) largely pre-
vents the further transport of materials susceptible to clogging. This generally already
reduces the transport load for the downstream system. It also has positive effects with
regard to the pump sump. The effects of energy-efficient control on the sedimentation
processes in the pump sump were not further investigated within the project. It can be
assumed, however, that a reduction of the pump capacity does not necessarily lead to
extended residence times in the sump. The extended pumping sequences in energy-
efficient operation compensate for the short pumping sequences with high pumping
power in regular operation, similar to Figure 34. However, due to the individual sump
geometry, zones with different flow behaviour are formed. This can lead to longer resi-
dence times of individual fluid and solid particles.

Long residence times of wastewater in sewer systems are always associated with
sewage fouling and the formation of gases. However, by proving the unchanged trans-
port duration in Figure 34, this sewage fouling does not have to be given more impor-
tance than it already had. An increased formation of corrosive gases is therefore not to
be expected.

It should also be mentioned that these effects, sewage fouling or pump clogging,
were excluded as the investigations primaly focused on the sediment transport. There
are two main reasons for this: (i) there are several technical solutions for solving these
problems (e.g., sump geometry optimization, grinder pumps, chemical dosing systems,
etc.). (ii) By far the greatest hazard potential within the study was assumed to be a block-
age of the pressure pipe as a result of increased deposits formation.

A blockage of the pressure pipe, however, did not occur during the entire study period.
Sediment transport is therefore not disturbed by the reduced flow conditions here.
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But due to the locally very different conditions (PS, pressure pipe and above all wastew-
ater composition) a generally valid statement about the sediment transport can hardly
be made. So it is a fact that energy-efficient control can only be implemented if the
transport properties of the wastewater allow safe transport. This is fully applicable for
the present case. But it does not automatically apply to others as well. It can be as-
sumed, however, that similar results can be found in structurally and technically similar
drainage systems. At least, a differentiation must be made especially according to the
composition of the wastewater. The methods developed here can be used to character-
ize and simulate the transport behaviour. Thus, the possibilities and limits of an energy
efficient control can be determined in advance without risking dangerous conditions.

Nevertheless, experience shows that operators of sewage systems are often extremely
sceptical about reducing flow velocity in favour of energy savings. Of course these con-
cerns are not unjustified. The focus is then on a central problem. If the energy saving
results in a permanent deposit formation which leads to a blockage and probably a
failure of the wastewater pressure pipe, the costs and possibly also emissions for the
repairs are perhaps higher than the savings itself.
On the other hand, however, it is a fact that the transport characteristics are mostly

unknown. So even in regular pump operation a sediment transport is by nomeans guar-
anteed. It can be assumed that under certain conditions (mainly based on the wastew-
ater composition), similar to those presented here, even an improvement in sediment
transport can occur. This assumption is based on the following consideration: For the
conveyance of an easily transportable wastewater, slower but longer lasting pump se-
quences with shortened pump pauses are safer than fast but short-lasting pump phases
with long settling durations.

Irrespective of the control strategy, the primary objective for the operator is to en-
sure operational safety. Energy efficiency can then be optimized by continuously ensur-
ing operation. Now this study has shown that operational safety and energy savings are
compatible for a wastewater PS in an urban area. Especially for pure sewage PS withme-
chanical pre-treatment, the possibilities of energy optimization by means of frequency
control seem to be the most appropriate.
But also for combined sewer systems it is possible to react to increased requirements

regarding sediment transport by means of forced regulations within the control system.
An exemplary solution are forced starting phases of the pumps up to maximum capacity
before regulating down to energy efficient capacity. By determining the local transport
parameters, the control limits can be determined and exact control specifications, e.g.
for forced runs, can be given. In this way, operational safety can be brought in line with
energy efficiency in pressured sewers.

Irrespective of the drainage system and the characteristics of the wastewater, the
valid technical codes are to be applied in the first instance when dimensioning pressure
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pipes and PS. However, this may results in operational problems. As already shown in
Figure 2, the requirements can sometimes not be met. The recommendedminimum flow
velocity cannot be achieved here for technical reasons (max pump capacity not suffi-
cient). This problem is further aggravated by the reduction of the flow velocity within
an energy-efficient pump control.

If these values are to be achieved, other methods must be used (e.g., compressed air
flushing). Otherwise, an increase in pump capacity would reinforce the already existing
oversizing, see Figure 33. On the other hand, however, there is the functional efficiency
over several decades as already mentioned in Section 7.1. The recommendations have
thus already been ignored for longer periods without blocking the pressure pipe. The
solid transport recommendations are obviously strongly safety-oriented, as they pursue
a certain general validity.
This argues for a differentiation of the recommendations according to the composi-

tion of the wastewater or at least roughly according to the drainagemethod (separate or
combined sewer). In addition, possible pre-treatment technologies should also be con-
sidered. Furthermore, it is possible to specify not only the minimum flow velocities but
also the necessary durations and frequencies due to the sewage transport behaviour.

To meet the criteria, at least to some extent, the above-mentioned regular (at every
pump start here), case-specific (depending on sewage settling and erosion behaviour)
and short pump starts with a certain capacity (here one minute at nominal capacity) are
a suitable instrument for a compromise between operational safety and energy savings.
The subsequent main pump sequence can then be dominated by a reduced pump ca-
pacity to increase energy efficiency.

7.5.2 Ecological evaluation

If we recapitulate, the origin of the project lies in the reduction of greenhouse gas emis-
sions by increasing the energy efficiency of wastewater PS, see Section 2.1.
Numerous contributions have already reported on the energy savings achieved [12–

15, 26]. Table 8 shows the simulated energy consumption and potential energy savings
of five different pump control modes of PS Rostock-Schmarl. The simulated energy sav-
ings deviate only slightly from the real measured savings, see Section 6.3.2. In energy-
efficient operation there is a reduction in consumption of about 18% compared to full
power two-point control. Compared to the savings of 25% originally assumed in Sec-
tion 2.1, the efficiency is reduced, but is nevertheless still significant.

The extrapolation from Section 2.1 then changes as follows. Assuming an energy sav-
ings potential of 18% for all PS of the water company in Rostock (347 PS in total), a
reduction of the CO2 emission of ≈ 330 t is achieved (for 2018, assuming a CO2 emission
factor of 474 g/kWh [11], originally ≈ 458 t assumed by energy savings of 25%).
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In addition to the savings from the pure reduction in consumption, there are also sav-
ings from the extended life cycles and smoother operation of the components: fewer
repairs or replacements and maintenance intervals and the associated emissions from
transport routes.

With the increasing use of renewable energies, the share of CO2 emissions in the
electricity mix is also decreasing. This logically reduces the savings potential here as
well (which is generally a positive trend). However, this is in contrast to the expected
increase in electricity costs, which can be counteracted by a continuous increase in
efficiency.

7.5.3 Economic evaluation

Due to the general trend of increasing electricity costs, as already mentioned, there is a
need to increase efficiency. It can be assumed that cost reduction is the biggest driver
for an operator to increase efficiency.
In the sample from Section 2.1, the savings are reduced to 18%, as mentioned above.

With an assumed electricity price of 0.15 €/kWh, the current savings are ≈ 3800€ per
year (for PS Rostock-Schmarl). The calculation is again transferred to all PS. This results
in savings of≈ 695 333 kWh and corresponding≈ 104 300€ per year. Reinvesting the sav-
ings in energy efficiency can contribute to further optimization, see Section 2.1.

As already mentioned, the armotisation time for conversion to VFD operation is only
a few years [15] and is almost completely omitted for already equipped systems. In
addition, costs are reduced by the increased life cycles of technical plant components
(pumps, motors, check valves, etc.).
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The reduction of the flow velocity in sewage pressure pipes to achieve energy savings
is countered by the generally assumed decrease in sediment transport.
The presented study showed for over a year of test operation that energy saving and

operational safety are not mutually exclusive. By means of various laboratory and field
measurements as well as simulation studies the transportation of solids inside wastew-
ater pressure pipes could be described and a safe transport could be proven.

The study has shown that wastewater can be transported more easily than often as-
sumed. However, it is often regarded as a problematic transport medium due to its
spatial and temporal variability. Recommended minimum flow velocities often seem to
be very safety oriented, at least for pure sewage PS. The energy saving control leads
to reduced flow velocities and thus also to shorter pump pauses and lower critical bed
shear stresses. Pure wastewater tends to very slow sedimentation processes. The criti-
cal bed shear stresses are significantly below < 1N/m2 in pure wastewater.

As already mentioned in Section 2.1 an individual case consideration is indispensable.
The implementation of an energy-efficient control system should always be accompa-
nied by strict supervision to ensure safe operation.

Ideally, laboratory tests are performed in advance to determine the specific transport
properties of the wastewater. The determination is possible by means of simple labo-
ratory tests. Online measurements do not replace laboratory tests. However, they are
preferable for the direct recording of the transport properties. Within this study it was
shown that online TSS measurements directly inside the pressure pipe are practicable
and provide plausible results. Furthermore this work has shown that the transportation
of solids in pressure pipes can be modelled quite simply by means of a case specific set
of calibration parameters and suitable transport formulations.





9 Perspectives

Looking ahead, the first priority is to expand energy efficiency. A first step towards in-
creasing the overall energy efficiency is to apply the energy-efficient control to other
PS in a drainage system. The next step would accordingly be the intelligent control of a
network of PS taking into account the total sediment transport.

For this purpose it is essential to further determine the transport characteristics. Es-
pecially due to the spatial (local wastewater composition) and temporal (fluctuation of
the inflow hydrograph) variability of the transport characteristics, case-specific investi-
gations are necessary. Especially sensor measurements are particularly suitable for this
purpose. Besides the expanding of the characterization of various wastewaters, this can
also contribute to an improvement in sensor calibration.
The further development of laboratory methods using camera-monitored measure-

ments, laser or ultrasonic methods provides more detailed insights into the processes
of sedimentation and erosion. This allows new conclusions to be drawn for the trans-
port of wastewater.

Because the sediment transport simulation is kept quite simple, numerous extensions
are conceivable. An improvement may be an upgrade into a semi-coupled model. This
allows the interactions of the flow with the sediment bed to be modelled within the
computation. Furthermore, the transport simulation can be enhanced by geometrical
line routing and technical installations. This allows the spatial and temporal variability
in sediment transport to be better taken into account.
Moreover, the transport model can be used to further detail the movement of solids

by introducing settling velocity classes. Depending on the flow velocity distribution, the
solids distribution over the pipe cross-section can be computed for each timestep and
grid point. This would lead to more detailed results for the transport of pollutants, for
example.
Ultimately, the developed transport model can also be implemented in existing hy-

drodynamic simulation models in which solids transport in pressure pipes has so far
been excluded.

In the end, the results are at best included in the technical regulations. In the future,
it will be conceivable to divide the required minimum flow rates into at least the type of
drainage system and the type of pre-treatment technology. The ranges already given to-
day could be further differentiated in order to expand the use of energy-efficient pump
controls.
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eines energieeffizienten Betriebsmanagements von Abwasserfördersystemen: (In-
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25. RINAS, M.; TRÄNCKNER, J.; KOEGST, T. Sediment Transport in Sewage Pressure Pipes,
Part I: Continuous Determination of Settling and Erosion Characteristics by In-Situ
TSS Monitoring Inside a Pressure Pipe in Northern Germany. Water. 2019, vol. 11,
no. 10, pp. 2125. Available from DOI: 10.3390/w11102125.
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