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Abstract. In hydraulic transportation of multi-fractional mixtures common problem is large variability of flow parameters. In particular, the problem is observed in industrial installations operating with stationary bed at the bottom of the pipeline. The paper presents the results of continuous nine-month research of parameters of the slurry transportation pipeline system. On the basis of the analysis of the collected data it has been found that the flow in the installation can be evaluated as a permanently unsteady.
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1. INTRODUCTION

The hydrotransport of the particles is the most common way of moving large volumes of waste rock in industrial processes. The hydrotransport is commonly used where the mineral processing in wet conditions take place, which naturally prepares the slurry for pumping. During the operation of the hydrotransport installation is observed a high variability of flow parameters. In particular, the variability is observed during pumping stations operation. A large amount of reliable data is provided by the monitoring of operating parameters for each pump and the entire pumping station. The measurement results are usually archived, which allows the evaluation of the variability of operating parameters on any selected data sample. 

On the basis of the analysis of the data collected from the pumping station monitoring system can be observed the changes in the slurry as well as the behavior of pump systems in industrial environments.
2. TECHNICAL CHARACTERISTIC OF PUMPING STATION

In pumping stations three sets of pumps are installed (Fig.1). Two sets operate continuously and one set stays in reserve or is being renovated. Each set includes three pump units connected in series. The first two units work at a constant speed and the third unit has a drive installed which allows the regulation of the pump speed and the control of the parameters of the entire set. The pumping station has the pumps installed from the Canadian company FLOWSERVE type 18R416NR. The first and second pump in the set has a permanent speed 495 rpm and nominal parameters: total head H=36,5 mH2O and capacity Q = 57.5 m3/min. The third pump in the set has the ability to regulate speed from 260 rpm to 540 rpm and nominal parameters: total head H=45 mH2O and capacity Q = 57.5 m3/min.


Nominal parameters of each pumping set: total head H=118 mH2O and capacity Q=57.5 m3/min. Each pump set can be operated in two options: the first pump operates, the pump number two is not working, and the third pump operates or all the pumps are working. Thanks to the use of the frequency converter and the possibility to work two or three pumps the performance can be adjusted from 22.5 m3/min to
65 m3/min.
The characteristics of the pumped slurry: minimum density 1075 kg/ m3 , mean density 1115 kg/ m3 and maximum density 1150 kg/ m3 , average volume concentration is about 6%, average weight concentration Cs=21%, average particle diameter is 0.3 mm, pumped medium is a highly-abrasive fluid. The slurry is transported at a distance of from 8 to 12 km. The transmission installation is constructed ,in the vast majority, of steel pipes with a diameter of 800mm, and partly of HDPE pipes of inner diameter of 800mm.

The Operation of each pumping set is monitored permanently by control system. The system monitors all the essential parameters such as: active power of each unit, total capacity of the set, third pump speed, total head of set, units working time, bearing temperature, pressure of gland water. In order to increase the reliability of the data collected, pressure measurements points have been doubled for each set. The measurement results are archived in electronic form.
3. RESULTS OF MEASUREMENTS
The measurements of the parameters of the individual pump unit, pump sets and the entire pumping station were made by means of measuring instruments installed in the pumping area. The Recording of the results was held in one-second timing. In the pressure points which were used to calculate the total head were installed the pressure transducers APR-2000 type APR-2000/AL produced by Aplisens company. The transmitters are fitted with separator. The measured data is transmitted to the SCADA system, where the readings are archived. Each pump set is equipped with an individual flow meter. In the pumping station the flowmeter FLUX ADN 7407 is used cooperating with the courts SITRANS F US Somoflow 3300. Ultrasonic flowmeter devices are adapted to work with low density slurry. The liquid which is transported by the installation is classified as settling, which forces the location of the device at such a distance from the pumping station so as to ensure that the pipeline operates full cross. The indications of the ultrasonic flowmeter were verified by three measuring techniques: colorimetric method, Pitot tube and using another ultrasonic flowmetre localized on the pipe of dimension 500 mm. (S. Czaban and teem). The average difference of flow measurements obtained ​​by different methods was approximately 3%. The active power consumed by each pump motor was being measured and sent via Ethernet to SCADA where it was recorded.
The presented data was collected during the first nine months of 2012. In each of measurement points ,within 24 hours, 86400 records were obtained. The analysis of the measurement results was performed from 2012-01-01 to 2012-09-20. 22809600 records from each measurement point were available. As the analysis of such a large amount of data was difficult, the average of 10’ was decided. The 38011measurements results were verified positive (approximately 1% of the results were rejected from further analysis as incorrect).
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Fig. 1. Pumping scheme with the measuring system

4. ANALYSIS OF RESULTS OF MEASUREMENTS
The analysis of such large amounts of data is difficult.
It was decided to conduct the analysis for the following averaged measurement results: daily, hourly, minute.

Figure 2 shows the daily average power consumed by the pumping station. In the analyzed period a minimum of one set of pumps with two pumps running was operated. These are the periods of limited or stopped production, which causes the reduction of the flow into the reservoir with which the pumping station works. In the periods of reduced supply , the power consumption of the pumps dropped below 1750 kW. In the analyzed period can be distinguished 15 sub-periods of reduced power consumption. The maximum daily average power consumption amounted to 2406 kW, the minimum average daily power consumption amounted to 1260 kW, the average power consumption for the period considered is 1993 kW. A very large observed variation in power consumption of the pumping station can be explained by the permanently unsteady flow in the system with which the pumping station cooperates.
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Fig. 2. Average daily pumping capacity and active power of pumping station.


Average daily pumping capacity during the relevant period was 98 m3/min, the minimum daily flow recorded on 02.05.2012 with a value of 62 m3/min and the maximum average daily flow was registered on 28.01.2012 and amounted to 116 m3/min (Fig. 2). Analyzing the data presented on average one can distinguish seven periods in which the pumping station worked with a capacity of less than 80 m3/min. Particularly interesting are two periods, first from 09.01 to 21.01 and second from 29.08 until 16.09, in which was registered the operation of the pumping station with high power consumption above 2 MW and the flows amounted to 95 m3/min. The consumption of large amounts of energy during the winter months can be explained by operational procedures aiming at the reduction of the risk of freezing or partial loss of the active flow cross section.
Pumping station energy efficiency was calculated from the following equation:
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(1)

where: 

η- energy efficiency.

Nu - power output of pumping station, 
[kW]
Nc - power consumed by pumping station, 
[kW]
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where:

Q – pumping station capacity

[m3/s]
ΔH – total head



[m]
ρ – density slurry



[kg/ m3]
The pumping station operated in the analyzed period on average with daily efficiency of 60% (Fig. 3). The maximum recorded efficiency is 70% on 07.01.2013 and on 7/22/2013 the lowest observed value was recorded. The variability of efficiency in the analyzed period on the presented graph is not large. During the analysis of the collected data two principal areas of efficiency can be clearly identified in the range of 65% and 57%. The cause of such a behavior of the efficiency parameter is the work of the second (middle) pump. In periods of the increased demand for energy is turned on and normally does not work but the slurry flows through the second pump body. During the operation of the pump set with the middle pump off the efficiency decreased by about 8%.
The presented method of calculating the efficiency of the entire pumping station is in the opinion of the authors appropriate as the most important parameter in the economic analysis is the summary efficiency of the pumping station and not the partial one of the individual pump units.
Figure 4 shows the coefficient of variation of the efficiency of pumping station in daily average.
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where: 

V – coefficient of variation
s- standard deviation,
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 - the arithmetic mean.

During the analysis of the coefficient of variation over time the increase in its value is observed. Such a behavior of the coefficient of variation based on the measurement results analyzed is explained by the wear of hydraulic elements of the pump. The Durability of individual elements of the hydraulic chamber of the pump is approximately 5000 hours while the observed period is over 6000 h.
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Fig. 3. Average daily pumping station energy efficiency
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Fig. 4. Average daily pumping station coefficient of variation of the efficiency
of pumping station
During the research the data was also collected on the pressure generated by all the three of sets of pumps. The coefficient of the variation of pressure generated by pumping stations in daily average is shown in Figure 5 and in Figure 6 in hourly average. One can distinguish thirty days in which the coefficient of variation increases significantly compared to the remaining period. Such a variation of the pressure parameter is explained by the manner of network operations and periods of startup and reduced production ,which result in the variation of the amount of the slurry input. The present distribution of the coefficient of variation, even on the 24- hour basis, shows the variation of the parameters of the network flow and flow instabilities.
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Fig. 5. Daily variation coefficient of pressure in systems
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Fig. 6. Hourly coefficient of variation of pressure in the systems
The last set of the analyzed data are the measurements in terms of the minute average. The Presentation of the results of measurements of the whole period results in no readability of the graph. In Figure 7 are presented the results of the measurements of the selected 20 minutes of continuous use of one set of pumps. In the presented period is confronted the shaft rotation of the third unit of 502 set equipped with a frequency converter enabling to change the pump shaft rotation with the capacity of the entire set. The diagrams of the two parameters observed in theory should be identical, the flow should respond in a predictable way to the third speed pump. In fact, in the first 8 minutes the predictable course of the chart is observed. However, later on an unexpected decrease in the capacity along with an increase in the speed is noted. At approximately 13 minute the diagram becomes once again predictable. The Presented graph shows that the flow conditions in the system with which the pumping station cooperates are unsteady. 
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Fig. 7 . Minute average pump speed and capacity pump set
5. CONCLUSIONS
The analysis of the collected data allows to draw the following conclusions:

· There is a large variation of operating parameters such as pumping station power consumption , capacity, total head and energy efficiency. 

· The reasons for such a large variability cannot be determined on the basis of the collected data and can only be guessed. The most likely reasons include: variability of supply medium of pumping station, variability of slurry parameters in time, periodic flush of installation, stationary bed formed at the bottom of the installation pipes.

· The decrease in the pumping station energy efficiency coefficient is clearly visible in the observed time.

· The analysis of the inlet and outlet of pumping station should be conducted in such a way so as to exclude the effect of the pendulum in the reaction of the frequency inverters to the changes of the performance of the pumping station.
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