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Abstract. Efficient pumping of sludges has become a topical issue as energy prices increase and water becomes scarcer in many areas of the world. As the sludge concentration increases it behaves increasingly as a non-Newtonian fluid and thisneed to be taken into account when specifying centrifugal pumps in new applications. These pumps are not only cheaper but often they require less power than positive displacement pumps. A portable test rig was designed and built in Cape Town and shipped to a sludge test facility in Stockholm.  Eight municipal centrifuged sludges were tested using two submersible centrifugal pumps. In-line tube viscometry and pump tests were conducted. The highest concentration sludge tested was 7% v/v. Two models were used to predict the head and efficiency of the two pumps studied in this work. The models were (a) Walker and Goulas (1984) which uses a Bingham plastic viscosity in the Hydraulics Institute chart; (b) Pullum et al (2007) method where the apparent viscosity is calculated using an “Equivalent hydraulic pipe” diameter. The Walker and Goulas method better predicted both head and efficiency. The maximum error margin was about 10% in efficiency and 15% in head for the most viscous sludge. The head deration for the most viscous sludge was about 10% and the maximum reduction in efficiency 25%.
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1. NOTATION
Dimp
impeller diameter


m
Dh
pump equivalent hydraulic pipe diameter

m
K
consistency index


Pa.sn
L
length between pressure sensors


m

n
flow behaviour index


-
n’
apparent flow behaviour index


-
Q
flow rate


m3/s
V
velocity


m/s
w
pump characteristic dimension (Equation 1)
m
Greek symbols
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shear stress
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yield stress
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2. INTRODUCTION

For pumping sludges, centrifugal pumps are widely used. Pump performance characteristics for such pumps are based on tests with water only. For the design of pipelines and pumping systems when dealing with viscous liquids, one needs to understand the rheology of such fluids and effect they have on pump performance. For Newtonian fluids, the Hydraulics Institute (1983) method is well known and used for predicting pump performance. The problem with this is that it requires a constant viscosity which is not the case when one deals with non-Newtonian sludges. 

Two different approaches have been used to date to determine a representative non-Newtonian “viscosity”. The first was published by Walker andGoulas (1984).  They fit a straight line to the rheogram above a shear rate of 10% of BEP flow thus using the Bingham model.  Many authors have characterised sewage sludges using the Bingham model which has a yield stress and a Bingham plastic viscosity. The Bingham plastic viscosity is then used in the Hydraulic Institute method.

Pullum et al. (2007), however, proposed a different approach. For non-Newtonian fluids the viscosity is not constant but a function of the local shear rate, therefore a representative shear rate for the flow rate of interest is required and from that a representative viscosity is determined from the fluid rheogram. For each pump, it is possible to define an equivalent hydraulic pipe which mimics the overall behaviour of the pump.The diameter of this pipe is based on the main dimensions of the pump.  This method requires that a characteristic dimension for each pump is determined from an actual complete set of pump test data. This diameter is then used to determine the velocity through the equivalent hydraulic pipe. This viscosity can then be used in the Hydraulic Institute method to predict the pump performance. This work only deals with municipal sludges of various concentrations.
3. LITERATURE

3.1. PUMP DERATING FOR NEWTONIAN FLUIDS

It is well known that when a viscous fluid is pumped using a centrifugal pump the efficiency and head will be reduced with the reduction always expressed in relation to the performance of the pump when pumping water(Gandhi et al., 2000). The decrease in head and efficiency and increase in power required with an increase in solids concentration can be seen in Figure 1 (Angel & Crisswell, 1997).
[image: image4.emf]
Figure 1: Effect of solids concentration on the pump performance (Angel & Crisswell, 1997)
The Hydraulic Institute Chart has been used to predict the pump performance of viscous materials when the pump performance of water for a pump is known. From a nomogram, the flow, head and efficiency can be determined if the viscosity is known. (Hydraulic Institute, 1983). This method can however only be applied for a viscous Newtonian fluid.  

3.2. PUMP DERATING FOR NON-NEWTONIAN FLUIDS
When dealing with non-Newtonian fluids the situation is more complex as the viscosity of most of these fluids changes with shear rate. Two methods for pump deration of viscous non-Newtonian fluids will be described in this section.

Walker and Goulas (1984) modelled fluids with the Bingham model fitting a straight line to the rheogram data from a shear rate above 100s-1. They then used this viscosity in the HI chart. Testing different coal/water and kaolin/water mixtures using two different centrifugal pumps they predicted both head and efficiency for most of their experimental data points to within ±5%. Other authors using this method have not been able to achieve similar results (Sery and Slatter, 2002, 2004; Kabamba, 2006 and Kalombo, 2013). The reasons for this failure are not immediately obvious. 

Pullum et al. (2007) used a different approach. They considered the flow through the rotor passage of the pump to be laminar and called this passage the “equivalent hydraulic pipe”

The diameter of this “pipe” is defined by the following equation.
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The characteristic dimension (w) has to be determined experimentally. From this the flow rate of interest is then used for determining the velocity through the “equivalent hydraulic pipe” by the following equation.
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In the laminar flow region using the Rabinowitsch-Mooney relationship, the true shear rate at the pipe wall can be obtained with n’ being the gradient of the pseudo shear diagram by the following:
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For each value of the true shear rate, the corresponding shear stress can be calculated as well as the apparent viscosity which is used in the HI method to predict the pump performance. This method is however also not devoid of criticism and is entirely empirical in nature.

As the value of w has to be determined for each pump, complete data sets for a range of non-Newtonian fluids are required. The value is obtained by minimising the sum of squared errors between experimental and calculated data and hence, as of now, w is only a disposable parameter without any real physical significance. For the same pump, this value can then be used for determining the pump deration when other non-Newtonian fluids are pumped (Graham et al., 2009). This presumes that the value of w is purely a pump factor and is independent of the fluid.



4. MATERIALS AND EXPERIMENTAL METHODS
4.1. TUBE VISCOMETER AND PUMP TEST RIG

The tests were conducted at the Hammarby Sjöstadsverk research facility in Stockholm. The rig consisted of a 1100 liter tank feeding two ITT Flygt 4.2 kW 4/3 submersible centrifugal pumps (impeller diameters 135mm and 153mm) fitted with a ABB variable speed drive. The diameters of the suction and delivery ends of the pumps are 100 and 75mm respectively. Each pump could be tested independently. The tube viscometer consisted of three tubes of 63.8, 52.2 and 26.8mm pipes. High and low range differential pressure transducers were fitted to each pipe and flow rates were measured with a 50 and 25mm magnetic flow meters. All three pipes had at least 50 diameter entry lengths to minimise entrance effects. As the flow curves were constructed from tests done in more than one tube, it was easy to check for wall slip as the laminar flow data was co-linear. Temperature was kept constant with a simple heat exchanger in the tank. A schematic of the rig is shown in Figure 2. A full description of the rig is available in Haldenwang et al., (2010)
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Figure 2: Test rig

4.2 TESTS CONDUCTED
Water tests were done to both calibrate the tube viscometer and to confirm the pump curves. Eight centrifuged, digested sludges were tested with varying percentages of suspended solids with a maximum concentration of 7% v/v.

From the flow tests, the laminar flow data was extracted and the pseudo shear data was converted to shear stress-true shear rate via the Rabinowitch-Mooney correction (Chhabra and Richardson, 2008). The data was then fitted to the power law, Bingham and Hershel-Bulkley rheological models for all sludges used in this work. The three models are shown in Equations 4-6. The rheograms for different sludges are presented in Figure 3. The rheological parameters for the three models used here are shown in
Table 1.
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Table 1

Rheological parameters of sludges
[image: image12.emf]Solids Conc

τ

y

 (Pa)

K (Pa.s)K (Pa.s

n

)

n

τ

y

 (Pa)

K (Pa.s

n

)

n

Sludge 1 3.4% 1.80 0.010 0.32 0.477 1.00 0.070 0.697

Sludge 2 4.3% 2.70 0.016 0.57 0.446 2.00 0.102 0.690

Sludge 3 4.5% 7.30 0.016 2.06 0.317 7.00 0.051 0.802

Sludge 4 6.0% 10.1 0.032 2.32 0.381 10.0 0.070 0.860

Sludge 5 5.0% 7.70 0.016 1.75 0.357 7.50 0.077 0.749

Sludge 6 7.1% 15.9 0.052 3.57 0.391 15.0 0.168 0.800

Sludge 7 6.9% 11.1 0.040 1.60 0.490 10.0 0.152 0.800

Sludge 8 7.2% 15.4 0.038 3.02 0.391 14.4 0.074 0.900

Bingham Power law Herschel-Bulkley
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Figure 3: Bingham plastic model fitted to sludge rheograms
5. RESULTS AND DISCUSSION

An example of the head and efficiency curves for the highest concentration sludge used in this study, indicating a significant reduction in head and efficiency, is presented in Figure 4. 
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Figure 4: Head and efficiency curve for 154 mm Centrifugal pump for sludge 7
5.1 WALKER AND GOULAS (1984) APPROACH
The Bingham plastic viscosity was used for predicting the pump performance. The head and efficiency predictions using the Walker and Goulas (1984) approach for the 135mm and 155mm impeller pumps are depicted in Figures 5 and 6. The efficiency was predicted within ±10% and ±5% and the head was over predicted by 20% and 14% respectively for the 135mm and 155mm impeller pumps.
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Figure 5: Head and Efficiency prediction for 135 mm centrifugal pump for 6 sludges (Walker &Goulas, (1984) approach.(Kalombo, 2013)
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Figure 6: Experimental head (efficiency) versus calculated head (efficiency) for the 152 mm impeller in the Walker and Goulas (1984) approach. (Kalombo, 2013)

5.2 PULLUM ET AL. (2007) APPROACH
For the 135mm and 152mm submersible pumps the characteristic dimensions (w) obtained from analysis were w=0.071 and w=0.073 respectively. The three rheological models were used in the prediction and all three gave results which were very close. The best results were obtained using the Herschel-Bulkley model. 

The head correlation was slightly over-predicted to within 10% and 12% for the 135mm and 152mm pumps and the under-prediction for efficiency was within 32% and 30% for the two pumps respectively. This is shown in Figures 7 and 8.
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Figure 7: Experimental head (efficiency) versus calculated head (efficiency) for the 135 mm impeller in the Pullumet al. (2007) approach.(Kalombo, 2013)
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Figure 8: Experimental head (efficiency) versus calculated head (efficiency) for the 152 mm impeller in the Pullum et al. (2007) approach. (Kalombo, 2013)

Table 2: 
Summary of sludge pump prediction results
[image: image19.emf]135 mm Head 16% 92 ±10% 92

Impeller Efficiency ±7% 93 -32 to +6% 90

Impeller Efficiency ±5% 92 -30 to +10% 90

Head 14% 94 -2 to +12% 91 152 mm
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6. CONCLUSIONS
The Walker and Goulas (1984) approach best predicted both the head and efficiency for the two 4/3 pumps tested with sludges in this work. The Pullum et al. (2007) can predict the head accurately but the efficiency was not predicted well. It was shown that a small centrifugal pump can be used to pump a highly viscous sewage sludge that usually will be pumped with a positive displacement pump in WWTP’s. The head deration for the most viscous sludge was about 10% and the maximum reduction in efficiency 25%.
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