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Abstract. The most used transport systems for solids are wastewater discharge constructions. Furthermore a big amount of wastewater has to be transported by pumping systems. This article deals with the design principles of pipelines to transport wastewater with the help of pumps. There are guidelines to ensure the safe operation of these systems. The design of wastewater pumping systems has take into consideration the three phase medium (water, solids and gas) and special transport conditions. This includes the minimum and the self-de-aeration velocities. While planning pumping systems, the size of the pump sump and the pressure losses in the pipe have to be observed. In order to eliminate deposits in the pipeline, an air flushing can also be used. Furthermore, the article is concerned with an experimental pumping station in Prerow, in the north of Germany. At this pumping station a variable speed control of a sewage pump is tested to obtain energy efficiency. Theoretical previews of the applied speed control compared to the conventional two-point control showed energy savings of more than 20%.
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1. INTRODUCTION

Wastewater is a mixture of water with dissolved chemicals, screenings, sand, grease and gas. So the wastewater is a three phase system. This has to be taken into account while planning a wastewater pumping station with pressure mains. If the planning engineer neglects such points, problems in maintenance will be pre-programmed or the system will not be able to operate in many cases.

Normally a two point control is used for the wastewater pumping. After filling up the sump to the upper level the pump starts. It works until the minimum level is reached. Usually, these systems do not work with high energy efficiencies. By using a frequency regulated operation for the discharge of wastewater, a considerable portion of electric energy can be saved.
2. FLOW PHENOMENA IN WASTEWATER PIPES

The flow of wastewater in pressure pipes is characterized by several flow phenomena. The most significant effects are shown in Table 1. For the planner of a wastewater pumping system, it is necessary to consider these phenomena.
Table 1
Flow phenomena in wastewater pipes

	Description
	Criteria
	Description
	Criteria

	steady-state
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	uniform
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	non-uniform
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	full filled
	
[image: image5.wmf]2

4

d

Q

v

×

p

×

=


	partly filled
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	single-phase
	Wastewater without

gas and solids 
	multi-phase
	Wastewater with gas and solids 

	laminar
	Re < Recrit
	turbulent
	Re > Recrit

	subcritical
	Fr < 1
	supercritical
	Fr > 1


An exact computation of all flow phenomena is not possible up to now. Therefore simplifying assumptions are needed, whose qualification in each case should be proved.

In wastewater pipelines velocity and solid concentration distributions according to
Fig.1 can be observed. Density and structure of solids can vary in a wide range. Especially foreign objects and grit materials have to be considered.
Solids in pressure mains can affect the hydraulic dimension, the choice of material and the cleaning strategy of the pipe.
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Fig. 1: Velocity distribution and distribution of solids over the cross section of pipes


[image: image8.wmf]F

c

= mass concentration of solids [kg/m³]

3. MINIMUM VELOCITIES

For the transportation of wastewater, minimum velocities must be achieved to avoid permanent settlements. Typical following values are proposed for wastewater pumping systems in Germany (from draft “DWA-A 113”).
It has to be remarked that it is not possible to completely avoid settlements of sand and gravel by guaranteeing transport velocities above the minimum velocity given in the values of table 2.  





Table 2
Minimum wastewater velocities
	Diameter
	Minimum velocity in m/s

	DN 100
	0,7

	DN 150
	0,8

	DN 200
	0,9

	DN 250
	1,0

	DN 300
	1,1

	DN 400
	1,2


4. SELF-DE-AERATION VELOCITY

In raising mains of wastewater pumping systems, gas bubbles or pockets have to be expected. For the operating of pipelines it is very important to install airvalves on geodetic respectively hydraulic up-stations. If the velocity which is attained in the pipe is higher than the self-de-aeration velocity vs, an air valve is not required. The self-de-aeration velocity as a function of the diameter and the inclination is shown in Fig. 2.
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Fig. 2: Self-de-aeration velocities (according to Aigner, et al., 2002)
The self-de-aeration velocity can be computed with the formula from Aigner et al., 2002
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(1)
where:
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 = self-de-aeration velocity [m/s],
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= downhill slope of raising main after up-station [°],
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= acceleration of gravity [m/s²].

The removal of bigger air bubbles only begins when the velocity in completely filled sections is bigger than vs. The displacement of bigger air-filled volumes will be achieved during the increasing of the discharge values beginning from about 85 % of the partial filling. In this case the wastewater in the pipe will slam. Then the rest of the air comes out very fast. Pressure surge may occur at the aeration points.
5. RETENTION TIMES

Generally, retention times of wastewater in pumping systems shall be reduced to a minimum. That way the septic processes do not lead to bigger problems with gas production, odor and corrosion.  Such degradation processes already start after 2 hours. When the pumping process is not able to exchange the wastewater enough, measures against the destructiveness of the degradation processes have to be conducted (such as flushing with air, aeration of wastewater, use of chemicals).

6. PUMP SUMP
For the estimation of the collection tank volume V (between the lowest switch-off level and the highest switch-on level) is normally used the well known formula
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is used, where:
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=
the volume of the collection tank [m³],
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the mean pump delivery flow [l/s],
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=
the number of pump intervals per hour.

The value of 
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is limited by the manufacturer of pumps and by the electrical devices. Depending on the specific local condition of wastewater qualities, temperatures etc. the maximum retention time shall be 8 hours or shorter. It is very important, that no accumulation of sediments in the pump sump will occur. Also the forming of swim sludge in the sump has to be reduced by appropriate measures (inlet construction, jet constructions, periodic flushing etc.). For a proper pumping process the inlet of air bubbles should be avoided. Depending on the company philosophy and intention other volumes than those computed by equation (2) are possible (Tukker, 2012 and Sanks, 1993). If the volume is constructed smaller, odor problems can be avoided. On the other hand bigger volumes have the advantage of retention and energy saving, especially when a frequency converter is used.

7. PRESSURE LOSSES

In general, pressure losses of wastewater with concentrations up to 3 % of solids can be computed with the assumption that wastewater is a Newtonian liquid. There is also no need to increase the kinematic viscosity 
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. The viscosity values of water can be inserted in the Reynolds formula. The roughness of wastewater raising mains is proposed by Hagen, 2000 to have a value of 0.25 mm. Due to incrustrations and biofilm layers the values can alternate in amount between 0.1 and 1 mm and more. Depositions and gas in pipes can influence the pressure losses in the pipes, too.

The system characteristic curve of a wastewater pumping system shows the pressure loss in the system as a function of the flow. The total head of the system 
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 is the sum of static geodetic head 
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The static head depends on the wastewater level in the pump sump. The head losses 
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 are the sum of friction losses 
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(4)
where
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is the friction coefficient and can be calculated according to equation (5)
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(5)
according to Colebrook – White, with   
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internal pipe diameter 
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In order to consider the possibilities of gas in pipelines, special assumptions are to be made. In the worst case all upsloping parts of the pipeline are assumed as completely filled with wastewater and the downsloping parts to be filled with air (Fig.3). For this case the equation (4 ) is changed to
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(6)
with 
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= sum of the length of all upsloping parts which are filled with wastewater [m] and 
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= sum of the height of all downsloping sections assumed to be filled with gas [m].

When wastewater is pressed after air flushing, the air pockets compress and shorten once again. This process can be calculated according to Krug, 1982, Schmalzl, 2002, Tukker, 2012 and Sanks, 1993. For practical uses the procedure of equation (6) will be the safest option for the desginer.
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Fig. 3: Air pockets in raising main (DWA-A116-3, 2013)

8. AIR FLUSHING

If the retention time of wastewater in the pipeline is too long or the system does not achieve the self cleansing velocity an air flushing system can be used. This has several effects:
· for a short time high velocities can be achieved
· the wastewater in the pipeline is aerated

· the retention time of wastewater in the pumping system is reduced

· larger pipeline diameters can be used with the advantage of smaller friction losses and power consumption. 

In Germany a lot of wastewater pumping systems are working successfully with air flushing.

The air flushing duration depends on the task. If it is needed for flushing, only 5 to 10 minutes should be enough. It has to be calculated for the reduction of the retention time of the wastewater in the pipe. Then the required flushing time may be longer. The flushing can be implemented by the use of a large compressor (directly blowing into the pipeline) or with the help of a compressed air reservoir (filled by a small compressor). 

In the first case the compressor should have a capacity of
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where:
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In the second case the required volume for the compressed air storage tank 
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with
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 required flushed volume of the raising main  
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The following thought experiment should demonstrate what theoretically occurs in a raising main during flushing:

Ideally a horizontal pipeline with length of 2 and 3 km is assumed, so that the velocity of the media is relatively high after a short while. This velocity can be computed approximately with an equation by Kleinschroth, 1979 with
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where:
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Fig. 4: Scheme of air flushing system
9. ENERGY EFFICIENT OPERATION OF SEWAGE PUMPING SYSTEMS

As mentioned before, sewage pumping systems are often operated in a two-point control mode. The transport of the wastewater starts at a defined maximum water level in the pump reservoir and ends with an also defined minimum water level. However, if a variable speed control of the pumps by a frequency converter is used, a significant amount of electric energy can be saved in the transport of wastewater. It is important to develop an appropriate control for the frequency converter to obtain maximal energy savings.

In the course of a project at the University of Rostock in the departments of Hydromechanics and Urban Water Management and Numerical Mathematics, strategies for an energy optimal transport of wastewater by use of speed controlled pumps have been developed.

The project is conducted in cooperation with the Water Board Darß and the company WILO SE and is funded by the Deutsche Bundesstiftung Umwelt (DBU).
The optimal control requires knowledge of the inlet to the pumping station. On this basis, an energetically optimal strategy is determined. Thereby the target of the optimization problem is to minimize the power consumption. In the constraints of the optimization problem, restrictions on the level in the pump reservoir (minimum and maximum level), the speed (minimum and maximum speed to avoid damage of the pump and engine), the flow rates (manufacturer's information regarding minimum and maximum flow rate) and the flow velocity in the pressure pipe have to be obtained. 
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Fig. 5: Developing of velocities during air flushing
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Fig. 6: Comparison of two-point control and optimal control
(left - Two-Point Control, right - Optimal Control)
Furthermore, only flow rates which are in the intersection of the pump and system curve (operating point) can be realized. The solution of such an optimization problem is possible in various ways (e.g. dynamic optimization, mixed integer optimization). In Fig. 6 (right) the optimal control for an exemplary daily curve is shown. The difference to the two-point control (Fig. 6 left) is significant.
In practice, however, the knowledge of the volume of wastewater inlet to a pumping station is usually not known exactly. In this case, a calculation of the optimal control strategy for a larger period of time in the future is not possible. An easy way to save energy with the help of varying the speed is the implementation of a two-point control at a reduced speed (Rule-based control strategy). Therefore the determination of the energetically optimal flow rate or the energetically optimal speed for discharging the pump reservoir is considerable. For this purpose, a characteristic diagram of the power consumption (Fig. 7) is determined, which considers both the pump and power curve and the system curve. 
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Fig. 7: Characteristic diagram of the power consumption

The minimum of the function [image: image63.png]P(Q.h)/Q



 can be calculated easily for any level in the pump reservoir and is the smallest positive flow that should be realized at an operation of the sewage pump. The corresponding speed can be calculated from the pump characteristic field and the system curve for each water level in the pump reservoir. In addition, energy costs can be saved by forcing a high water level in the pump reservoir. To avoid increased odor, corrosion and deposits, a regular emptying of the pump reservoir is required. In case of an inlet of wastewater, which cannot be managed by the optimal speed, the speed has to be adapted to guarantee the maximum water level in the pump reservoir. Figure 8 shows the control strategy based on the described rules.
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Fig. 8: Rule based strategy
As a reference object for the test of the developed strategies, the main pumping station in Prerow, on the peninsular Fischland-Darß-Zingst, was chosen. The pumps transport the wastewater to the treatment plant in Wieck through a 2.5 km long pressure pipe and with a geodetic height of 10 m.

In Prerow measuring technology is already installed, so that data is available in the course of one year, on the water level in the pump reservoir, the flow and the pressure in the pressure pipe. The water level and the flow rate have been used to create curves of the inlet for the whole time period. A numerical simulation with the calculated inlets and the data of the power consumption of the pump in the period of the year resulted in an energy consumption of conventional two-point control of 22,950 kWh. Another simulation calculated the total amount of energy of a speed-controlled pump with the optimal control strategy. An energy consumption of 17,165 kWh was simulated. Energy savings by the intelligent speed control compared to the two-point control of about 25.3% can be reached. Likewise, the simulation of the energy consumption using the rule-based control strategy provided a similar result with energy savings of about 25.2%.
Indeed, the variation of the rule-based strategy is very small in simple scenarios such as Prerow, but with an increasing complexity of the observed wastewater networks an adapted optimal control strategy should be used. 
To demonstrate the practicality of the developed control strategies, the main pumping station in Prerow has been equipped with a frequency converter, a sinus filter, an energy meter and a PC (Fig. 9). The control software is implemented in MATLAB.

In addition, a pump of the company WILO SE was installed (Fig.10) because the existing pumps are not adapted for speed control.

Initial tests have been very promising and show no negative effects on the reliability by using a two-point control with reduced speed. With reduced flow and energy consumption currently neither a blockage of the pump impeller, nor an increased formation of deposits in the pressure pipe could be detected.
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	Fig.9. Frequency converter, sinus filter
and energy meter
	
	Fig.10. Pump of the company WILO SE; adapted for speed control


10. CONCLUSIONS

Nearly all communities are in need of transporting wastewater with the help of pumping systems. The first priority for such systems is the operation reliability. In all cases solids deposits, septic sewage, odor and corrosion should be avoided. With the conventional two point control operation the required minimum velocities are often not respected and the retention times are too long. In these cases air flushing can be a solution. This has consequences for the hydraulic design as shown. The energy consumption of pump systems can be reduced by using frequency controlled pumps and smart pump control depending on the sump inflow. Energy savings up to 25% and more appear to be possible.
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