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Abstract

:

Pumps have a wide range of applications. Methods for fault detection of motors are increasingly being used for pumps. In the context of this paper, a test bench is built to investigate circulation pumps for faults. As a use case, the fault of impeller clogging was first measured and then examined with the help of motor current signature analysis. It can be seen that there are four frequencies at which there is an increase in amplitude in case of a fault. The sidebands around the supply frequency are in particular focus. The clogging of three and four of a total of seven channels leads to the highest amplitudes at the fault frequencies. The efficiency is reduced by 9 to 15% in case of faulty operation. These results indicate that the implementation of fault detection algorithms on the pump electronics represents added value for the pump operator. Furthermore, the results can be transferred to other applications.
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1. Introduction


In the industry and the service sectors, pumps are applied to transport liquids. Pumps are driven by different types of electric motors. In the past, induction motors (IM) were used as the motor in most cases. Due to their higher efficiency, permanent magnet synchronous motors (PMSM) are now increasingly applied.



A field of application where pumps are used the transportation of water in heating systems. In Europe alone, the operation of over 100 million circulation pumps accounts for 2–3% of total electrical energy consumption [1]. In order to meet the efficiency requirements of the European Union, they are constructed as PMSM driven wet-rotor pumps [2,3]. Control, frequency converter, motor and impeller are combined in one integrated product [4] (see Figure 1). Microcontrollers are used to control these pumps. In addition to current tasks, such as controlling the pump [5] and motor [4] or determining parameters such as flow or head [6], the electronics provide a platform for implementing fault detection algorithms. A few hard faults, such as overvoltage, overheating and rotor blockage can already be detected by new types of circulation pumps [7,8]. It is shown in the literature that in addition to a potential failure, faults can also reduce the efficiency of a motor or pump [9]. Due to the large number of pumps in operation, a large amount of energy could be saved by the application of fault-detection algorithms. In circulation pumps, faults can be bearing wear, deformation of the can, dry-running or contamination of the rotor space, impeller damage, clogging of the impeller or cavitation.



Before an application of fault detection algorithms is discussed in detail, it is necessary to analyze which faults and on the basis of which method can be detected. In order to save additional costs for sensors, the analysis should be limited to the data that is available anyway. For circulation pumps only the motor current is available [4]. The most widespread approach for motor fault detection on the basis of motor current evaluation is the motor current signature analysis (MCSA). The MCSA is based on the Fourier analysis of the motor current in stationary operation [10]. The MCSA, which was developed for fault detection of IM, is used today for different motor types, as well as the PMSM. Ref. [11] gives an overview of potential faults of PMSM including magnet damage and demagnetization, eccentricity, unbalanced magnetic pull, bearing damage and stator winding faults. Another current based approach is the space vector angle fluctuation method. This method is mainly used for fault detection of IM [12]. While several approaches for the detection of typical motor faults can be found in the literature, there are significantly fewer approaches for the detection of faults in pumps that are based on the motor current evaluation.



In [13] it is shown that damaged impeller and pipe blockages can be detected by analyzing the pattern of the d-q-current. In [14], damaged impellers are analyzed with the help of MCSA. It is shown that the fault slightly influences the amplitude of a sideband in MCSA. In [15] a clogged impeller is examined and a decrease in the effective value of the motor current is detected. Ref. [16] shows a successful detection of cavitation phenomena using an adapted MCSA. The papers [13,14,15,16] are all based on driving the pump via IM. In [17], an approach to detect dry running, bearing failure and impeller clogging based on MCSA is shown, where the pump is operated by PMSM.



Since circulation pumps are driven by PMSM and the d-current is controlled to zero, approaches based on the d-q-current pattern are not applicable. After analysis of the state of the art, the application of MCSA looks promising. However, as is well known, the implementation of spectral analysis requires a large storage capacity and computing power from the electronics. Not all applications can provide this. Some publications show that MCSA can also be implemented on electronics that do not meet the requirements for a spectral analysis [18,19,20]. One approach is that only defined frequencies are examined, which minimizes computing and storage costs.



In the context of this paper, a detailed analysis of the fault impeller clogging takes place. For this purpose, a circulation pump is measured in a specially constructed test bench. The data is recorded in a healthy condition and for different levels of clogging. The data is then analyzed in terms of efficiency and fault indicators. The MCSA is used for fault analysis. The analysis is completed by comparison with the state of the art. The results are the basis for the implementation of fault detection algorithms.




2. Materials and Methods


The following is an introduction to the design and the concept of measuring the circulation pumps with the aim of fault detection. This is followed by an introduction to the theory of detecting impeller faults in pumps. The section is concluded with a description of the test procedure.



2.1. Experimental Setup


To find out whether the above-mentioned faults can be detected, a test bench is required. This test bench must fulfill two different requirements. The first requirement is that the test bench has to provide all relevant data. This includes an accurate acquisition of the motor currents with a high sampling rate and the acquisition of static variables such as current, voltage, flow and head. Due to the background of testing circulation pumps, the second requirement is that it should be possible to carry out life-accelerated tests. In order to record the wear process of a pump during a life accelerated test, the test bench must allow automatic data acquisition. The design and measuring the concept of the built test bench is explained in the following.



Two hydraulic circuits were combined into one test bench (see Figure 2). Each hydraulic circuit consists of five parallel vertical pipes. The larger circuit (see ① in Figure 2) had a nominal diameter of DN 100 and the smaller one ② had a nominal diameter of DN 80. Pumps can be installed in the three middle pipes. The medium flows through the outer pipes back to the suction port of the pumps. Additional radiators ③ were mounted on the back of both hydraulic circuits, which can be switched on if the medium temperature is too high. Shut-off valves ④ were installed in each of the central pipes on the suction side and the pressure side. They allow a complete separation of the single pipes, but also the change of the hydraulic resistance and thus the load of the pump in a pipe strand. In addition, pressure sensors ⑤ (IFM PU5415) were installed in each pipe strand on the pressure and suction side of the pump. They measure the differential pressure provided by the pump. The measuring signal of the pressure sensors is transmitted to the data acquisition system (NI USB-6363) via an 0–10 V signal.



Sophisticated safety technology is particularly necessary for life-accelerated tests. For this reason, an electronic pressure switch ⑥ (WIKA PSD-30) and an electronic temperature switch ⑦ (WIKA TSD-30) were used in both circuits. Both were integrated into the enabling logic of the energy supply to the pumps. The pressure switch enables an absolute pressure of 1 bar or more, which ensures that no pressure loss of the test bench, e.g., due to leakage, occurs. It closed from a pressure of 5.5 bar. The temperature switch enabled temperatures of up to 50 °C. As a safety switchgear a Siemens 3TK2825-1BB40 is used. An electronic time relay (3RP1555-1AP3O) is additionally integrated into the enabling logic. This makes it possible for the supply to the pump to be automatically switched on and off for certain periods of time. The electronics and safety technology are designed for pumps with a one-phase connection. Pumps with a three-phase connection can be tested on the test bench, but cannot be integrated into the safety engineering. The electrical components are located in a control cabinet ⑧. Additional mechanical protection was provided by a pressure relief valve, which is triggered at a pressure of 6 bar ⑨.



A circulation pump ⑩ with a maximum power consumption of 1.1 kW and a nominal pipe size DN 50 was used as a test item. The functional principle is based on a wet-rotor pump driven by an 8-pole PMSM. The motor was fed by an integrated converter with the option to set the speed to any value between 1000 and 3000 rpm. The impeller was designed as a radial impeller with seven blades. The pump data can be transferred via a Modbus interface. The pump supplies important parameters such as flow and head. The typical accuracy of flow estimation of that kind of circulation pump is 5% of the final value [8].



The measurement of electrical values is designed in such a way that only one pump can be measured at a single time. With the help of the power analyzer Yokogawa PX8000 ⑪ the one-phase input values (U, I, power factor) of the pump are measured. To record the motor values, the pump lines were led to the outside. The processing of the signals takes place with the help of the following measuring set-up, whereby Figure 3 shows a representation of the electrical plan. The motor current induces an equivalent voltage signal in the current transformer ⑫ (LEM IT 400-S). This signal is passed on to a current transformer system ⑬ (Signaltec MCTS), whose internal power supplies are galvanically isolated from each other as well as from ground potential. On the one hand, this system increases the range of the measuring signal and on the other hand, both external and internal disturbances are reduced. The current output signal is then converted into an equivalent voltage signal via shunts (Yokogawa 19/SH5/BNC/0.05) for acquisition on the oscilloscope ⑭ (Rhode and Schwarz RTE 1034).




2.2. Fault Detection of Pumps


It has been shown that faulty impellers can lead to a reduction of head and flow [14]. In the case of built-in head and flow sensors, such a fault could be detected. Since circulation pumps calculate head and flow, these variables can be used for fault detection. However, these two variables were determined based on stored characteristic curves and a motor current measurement [6]. As the stored curves only apply to the healthy condition and the motor current was dependent on the process curve, these values cannot be used for fault detection. The change of the current consumption due to a pump fault, as shown in [15], cannot be used for the mentioned reason.



Features that are independent of the process are more suitable. These include the amplitudes at certain fault frequencies of MCSA. When evaluating the motor current spectrum, attention must be paid to the damping behavior of the motor, which was decisively influenced by the motor inertia. The higher the frequency of a load oscillation, the stronger the damping by the transfer behavior of the motor.



A typical frequency that can be used for fault detection is the blade pass frequency (BPF). Due to the finite number of blades, vibrations can occur, which can be seen in both vibration and current spectrum. The frequency where this component appears in the current spectrum was calculated using Equation (1), where k1 is a positive integer, Nb the number of blades, p the number of pole pairs and fs the supply frequency [21]. However, Equation (1) only applies to motors without slip.


   f  B P F   =  (  1 ±    k 1   N b   p   )  ·  f s  .  



(1)







Amplitudes at fBPF, which can also occur in the healthy condition of a pump, can be influenced by faults. In [16] it is shown, that the amplitude of the fBPF component is increased in the cavitation situation. The results of [14] indicate a decrease of amplitude at fBPF if the impeller has inlet and exit tip faults. The analysis should also consider the fact that the fault frequencies of fBPF can be equal to the fault frequency in the case of the fault of eccentricity [22]. In [23] it is written that the wear of the impeller can influence the amplitude at fBPF. Furthermore, it can be seen in [23] that unbalance or misalignment can influence an additional fault frequency. These oscillations occur in the sidebands of the supply frequency, see Equation (2). In [17], it is shown that the amplitude at this frequency is influenced by the faults dry running, impeller clogging and bearing failure of a pump.


   f  r , p u m p   =  (  1 ±  1 p   )  ·  f s   



(2)







These frequencies can also be equal to frequencies of faults, which cause eccentricity [22]. This has to be considered when analyzing the data.




2.3. Experimental Execution


The pump described in Section 2.1 was used to investigate the fault impeller clogging. The pump was installed in the middle strand of the right hydraulic circuit (see Figure 2), with the left and right strands remaining shut off. The setup presented in Section 2.1 was used to record the values of the pump and process. The sampling frequency of the current measurement with the help of the oscilloscope is set to 10 kHz at a recording time of 30 s. At each load point, a total of 30 values are recorded for the static values and averaged afterwards.



As a reference point, the shut-off valve on the pressure side is set so that a flow of 17.9 m3/h and a head of 6.6 m at a speed of 2500 rpm was achieved. To avoid turbulence in the pump, the down shut-off valve remained completely open. Additional measurement data were recorded at speeds of 1800 and 1000 rpm. This is the reference point for the following test runs:




	
First test run: This test is only for recording the process curve at this valve position. No motor current is recorded. A process curve shows the dependence of the pressure drop in the pipes on the flow and is usually a quadratic function. It is calculated with the help of the flow measured by the pump and the head measured by the two pressure sensors in the active strand. Thereby, the speed of the pump was varied in the range of 1000 to 2500 rpm. The process curve makes it possible to calculate back on the flow by measuring the head for later fault cases. This method was valid for heads over 2 m.



	
Second test run: As in the first test run the shut-off valve was left in a constant position. Now one impeller channel after the other is always clogged with polystyrene. In order not to make the measuring effort too great, only adjacent channels were clogged. First, one channel was clogged and the pump was measured, then two channels were clogged and the pump was measured etc., until sseven, and thus all, channels of the impeller are clogged. Figure 4 shows the implementation of the fault with two clogged impeller channels. For each clogging degree, all relevant data were recorded for the different speeds 2500, 1800 and 1000 rpm.



	
Third test run: in this test, only the healthy pump was measured. This test run was used to generate more reference points. The shut-off valve was adjusted so that the power consumption of the healthy pump corresponds to the power consumption of the individual fault conditions of the second test run. For each load point, all relevant data were recorded for the different speeds 2500, 1800 and 1000 rpm.










3. Results and Analysis


This section is divided into three parts. First, the results of the measurements are shown with respect to the static values. Particular focus is set on the influence of the faults on pump efficiency. In the second part, the healthy pump is examined with the help of the MCSA to obtain a reference for the fault variants. In the third part, the MCSA is then used for the fault case of a clogged impeller. The discussion of the results takes place in the respective sections.



3.1. Static Values in Healthy and Faulty Condition


First the static values are considered. Especially the influence of the faults on the efficiency of the pump is in focus. Table 1 summarizes the mean values of the measured values. All data, except the right column, were from the second test run (see Section 2.3). The flow was calculated using the process curve determined in the first test run. The right-hand column was from the third test run and applies to the healthy pump at the same electrical power consumption as in the case of a fault. This value was important for the interpretation of the results.



In a healthy condition, the pump consumed a power of 580 W and produced a hydraulic power of 321 W resulting in an overall efficiency of 55%. In a faulty condition, both electric power and hydraulic power decreased. However, the hydraulic power decreased faster than electric power. This results in the decreasing efficiency of the pump. The hydraulic power decreases in a similar ratio as the proportion of active channels. For example, in the case of three clogged channels (four of seven active channels) the hydraulic power decreased by 44% and the proportion of active channels is reduced by 43%. The head and the flow is decreased in dependence on the process curve. Two effects are responsible for efficiency reduction. First is the faulty and uneven operation of the impeller and second the higher losses of the pump unit resulting in lower efficiency. The second effect is a known behavior for pumps and motors under partial load [24]. To overcome this effect, the efficiencies of the healthy variant under the same load condition were shown in the right column. This makes it easier to estimate how much the pump efficiency is affected by the fault. It can be seen that the efficiency is always 9 to 15% lower than in a healthy condition.




3.2. Motor Current Signature Analysis—Healthy Condition


In order to have a reference for the faulty variants first the measurement results of the pump in a healthy condition were considered. Figure 5 shows the time domain signal (a) of the motor current and the MCSA of the single phases (b–d). All phases were represented, since the individual phases can be affected differently highly by the influence of the BPF [22]. The amplitude of the signal was normalized to the maximum value and is displayed in dB.



In the time signal, it can already be seen that the current signal was afflicted with harmonics. The amplitude of the current consumption for this load was 2.9 A. With the help of MCSA, we can analyze which frequency these harmonics had. Since the rotor runs with a speed of 2500 rpm and the motor has four pole pairs, the fundamental component was at a frequency of 166.7 Hz. At this point is the highest peak in the frequency spectrum, normalized to 0 dB. Additional peaks were recognized at every integer multiple of the supply frequency and at several other locations. The peaks at 10 Hz and 100 Hz are caused by converter operation [17]. According to Equation (1) fBPF equals 458.4 Hz. Notice the MCSA fBPF did not have a characteristic in any motor phase. There can be two reasons why no peaks were visible on fBPF. First, that no vibrations were generated by the design of the radial impeller or second, that the amplitudes were so small that they were damped by the transfer behavior of the motor as a sensor. According to Equation (2) fr,pump− equals 125.0 Hz and fr,pump+ equals 208.4 Hz. A peak can be seen at these points in all phases. At 125.0 Hz, a slightly higher peak (−98.5 dB) was observed than at 208.4 Hz (−109.9 dB). An explanation for the peaks at these points could be a slightly eccentric run of the rotor, caused by the plain bearings. Another finding is that the MCSA gives very similar results for all phases. This suggests that it is sufficient to analyze only one phase with the MCSA. This was also applied in the literature [10]. The MCSA of the healthy pump should always be used as a reference when considering fault cases.




3.3. Motor Current Signature Analysis—Impeller Clogging


This section is divided into three sub-sections. First, the results of the second test run are shown. In the second part, the results of the fault cases are shown in comparison to the healthy variant with the same power consumption. Finally, the results are discussed and classified according to the current state of the art.



3.3.1. Constant Process Curve


In this section, the results of the MCSA for the fault cases are shown, whereby the position of the shut-off valve remained in constant position during the measurement of the fault cases (see Section 2.3, second test run). As a result, the power consumption of the pump decreased as the number of blockages increases (see Table 1). Special focus was given to the fault frequencies fr,pump and fBPF described in theory. Figure 6 shows the MCSA around these fault frequencies in a waterfall diagram. All measurement results from healthy to seven clogged channels are shown. In addition, the MCSA around the frequencies 791.9 and 875.3 Hz are shown. These frequencies were the sideband frequencies of the 5th harmonic.



Figure 6 shows that at the frequencies 125.0 Hz (a), 208.4 Hz (b), 791.9 Hz (c) and at 875.3 Hz (d) the amplitude increase with increasing clogging. A maximum was reached at three or four clogged channels. From then on the amplitudes decrease with an increasing number of clogged channels. At the frequency 125.0 Hz the amplitude of −98.5 dB in healthy condition increases to −59.6 dB (+38.9 dB) for 3 clogged channels and −61.3 dB for 4 clogged channels. With complete clogging, the amplitude dropped to −90.6 dB (+7.9 dB). The variant with one clogged channel (−81.6 dB) behaved similarly to the variant with six clogged channels (−90.7 dB) and the variant with two clogged channels (−75.1 dB) behaved like the variant with five clogged channels (−69.2 dB). Considering the frequency 208.4 Hz, the amplitude increased from −109.9 dB to −79.6 Hz (+30.3 dB) for three clogged channels and to −84.0 dB for four clogged channels and decreases to −120.4 dB (−10.5 dB) for complete clogging. At the frequency 791.9 Hz the amplitude increased from −157.9 dB to −117.8 dB (+40.1 dB) for three clogged channels, which was the biggest increase. At the frequency 875.3 Hz the amplitude increased from −157.7 dB to −118.8 dB (+38.9 dB). If the BPF component was considered it can be seen that only for three clogged channels, there was an increase in the peak. The absolute value for the peak for three clogged channels is −155.2 dB and thus lower than the peaks of the other fault frequencies.




3.3.2. Constant Power Consumption


As can be seen in Table 1, the power consumption of the pump decreases with increasing clogging. For this reason, the third test run was performed for the healthy pump (see Section 2.3). Here the power is adjusted by adjusting the shut-off valve to match the fault cases. This ensures that the results analyzed were not obtained by decreasing the power consumption. In addition, the following results allow a better comparison of faulty and healthy variants. For better visualization, the current signal is cut to 1 s and for windowing, the hamming window is used. The focus was on the two fault frequencies fr,pump. In Figure 7 the MCSA for the faulty variants and the corresponding healthy variant with the same power consumption (see Table 1) of the pump are shown.



If the MCSA of the healthy variant is considered first at a frequency of 125 Hz the amplitude first decreases with decreasing power consumption from −91.2 dB (a) to −110.2 dB (b) to −121.8 dB (c). If (c) is considered, no peak is noticeable at this point. However, from then the amplitude starts to increase again with increasing clogging. The amplitudes of the frequency 208.4 Hz have the same characteristic. These results show that the power consumption has a small influence on the peak characteristics at the fault frequencies fr,pump.



Now the faulty configurations are compared with the corresponding healthy ones. As the results of the second test run have already shown, the faults with three and four clogged channels show the most obvious characteristics. In any case, the amplitude at fr,pump is greater than the corresponding healthy variant. Table 2 gives an overview of how much the amplitude increases in comparison to the healthy variant. Additionally, the results for the speed of 1800 rpm and 1000 rpm entered. fr,pump was determined by Equation (2). At a speed of 2500 rpm, the increase is highest with three clogged channels, followed by four and two clogged channels. The remaining fault variants are more difficult to detect due to the lower increase. This trend can also be seen at a speed of 1800 rpm. Here the increase of the amplitudes is about the same at three and four clogged channels. At a rotational speed of 1000 rpm the results were no longer clear. At four clogged channels, even an amplitude decrease of −27.9 dB can be observed.




3.3.3. Discussion


It is shown that the faults have almost no influence on the component fBPF. This component is not suitable for detecting the fault impeller clogging. The same result is obtained with a similar application in [15]. A decrease of the amplitude at fBPF caused by impeller clogging, as described in [14], cannot be confirmed here. Whether fBPF in this application is suitable to detect the fault cavitation, see [16], is part of future work.



Based on [23], the hypothesis is that fr,pump can be influenced by the fault impeller clogging. Although, in [23] only the faults misalignment and unbalance are mentioned. This hypothesis is confirmed by the results. Especially with half-sided clogging, with three and four of seven clogged channels, there is an increase in amplitudes at the frequency fr,pump. Smaller faults show differences to the healthy variant. This is especially true for higher speeds, in this case greater or equal 1800 rpm. That the fault of clogging of the impeller causes an increase in the component fr,pump is new compared to the state of the art. Whether this is the same for other types of pump units is part of future work. In particular, it should be examined whether the components of the circulation pump, particularly the plain bearings used, have an influence on this result. In addition, there is an increase in amplitude at the frequencies 791.9 Hz and at 875.3 Hz, which are sidebands of the 5th harmonics ((5 ± 1/p)∙fs). This increase cannot be explained by Equation (1) or (2) and could argue for an adaptation of Equation (2) for the fault of clogging. It is also necessary to investigate how to distinguish between bearing faults and impeller clogging, as they affect the same frequency in the MCSA [17].






4. Conclusions


In this paper a concept for the investigation of faults in circulation pumps is presented and applied to the case of clogging of impeller channels. With the help of the test bench, the data supplied by the pump as well as the differential pressure of the pump can be recorded with the help of a data acquisition system. The measuring devices for recording the motor currents are suitable for collecting the data needed for the later application of the fault diagnosis algorithms. The test bench has been designed for life cycle tests. That this is possible with the test bench is part of future work.



As a fault, a clogged impeller was investigated. In order to have a reference, the healthy pump was measured at the same power consumption as in the respective fault cases. First, the influence of the fault on efficiency is considered. It is found that the efficiency of the pump is reduced by 9 to 15% compared to the healthy version at the same power consumption. Based on the literature research on pump fault detection [13,14,15,16,17,18,19,20,21,22], the hypothesis can be made that the amplitudes at the frequencies fr,pump and fBPF are influenced by the fault of the clogged impeller. The results show that the frequency fr,pump is mainly influenced when used as a circulation pump. The fault frequency fBPF is not affected. It can be seen that when three and four of seven channels are clogged, the greatest increase in amplitude occurs at the fault frequency fr,pump. The findings are especially true for higher speeds, in this case 1800 rpm and 2500 rpm. At a speed of 1000 rpm the results are not distinct. Furthermore, it is found that the sidebands are increased by the fifth harmonic due to the fault.



The results show that the implementation of online fault detection algorithms can have an added value for the pump operator. This is supported by the fact that efficiency decreases and the hydraulic power decrease. It is shown that at the frequencies fr,pump different amplitudes can occur with the healthy variant, depending on the load. This must be taken into account when implementing fault thresholds. One possibility would be the storing of load-dependent thresholds in the electronics of the pump.
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Figure 1. Picture of a circulation pump. 
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Figure 2. Test bench for condition monitoring and life accelerated tests of circulation pumps. 
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Figure 3. Setup for measuring the motor currents of a circulation pump. 
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Figure 4. Implementation of the fault impeller clogging for the example of two clogged impeller channels. 
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Figure 5. Signals of a healthy pump at a speed of 2500 rpm: (a) Time-domain signal of the motor currents 1, 2 and 3 (b) motor current signature analysis (MCSA) of Phase 1 (c) MCSA of Phase 2 (d) MCSA of Phase 3. 
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Figure 6. MCSA of a pump with different number of clogged impeller channels at a speed of 2500 rpm: (a) around fr,pump− = 125.0 Hz. (b) Around fr,pump+ = 208.4 Hz. (c) Around 791.9 Hz. (d) Around 875.3 Hz. (e) Around fBPF = 58.4 Hz. 
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Figure 7. MCSA of a pump with a different number of clogged impeller channels at a speed of 2500 rpm and corresponding healthy variant with the same power consumption: (a–g) 1–7 clogged channels. 
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Table 1. Values of healthy and faulty circulation pump (2500 rpm) for measurement at constant process curve.
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	Flow (m3/h)
	Head (m)
	Hydraulic Power (W)
	Proportion of Active Channels (%)
	Electric Power (W)
	Efficiency (%)
	Efficiency of Healthy Pump (Same Power) (%)





	Healthy
	17.9
	6.6
	321
	100
	580
	55
	-



	1 clogged channel
	16.6
	5.7
	257
	86
	556
	46
	55



	2 clogged channels
	15.7
	5.2
	222
	71
	494
	45
	54



	3 clogged channels
	14.5
	4.6
	181
	57
	454
	40
	51



	4 clogged channels
	12.6
	3.6
	123
	43
	396
	31
	46



	5 clogged channels
	11.0
	2.7
	81
	29
	343
	24
	37



	6 clogged channels
	--1
	1.1
	--1
	14
	333
	--1
	35



	7 clogged channels
	--1
	0
	--1
	0
	214
	--1
	0







1 Too low head to calculate the flow with the help of the reference curve (see Section 2.3).
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Table 2. Increase of amplitudes in case of an impeller clogging for different speeds and numbers of clogged channels.
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1 Clogged Channel

	
2 Clogged Channels

	
3 Clogged Channels

	
4 Clogged Channels

	
5 Clogged Channels

	
6 Clogged Channels

	
7 Clogged Channels






	
n = 2500 rpm




	
fr,pump− = 125.0 Hz

	
+17.0 dB

	
+36.81 dB

	
+47.1 dB

	
+35.0 dB

	
+18.2 dB

	
+18.3 dB

	
+18.6 dB




	
fr,pump+ = 208.4 Hz

	
+18.7 dB

	
+29.0 dB

	
+48.7 dB

	
+35.1 dB

	
+15.2 dB

	
+20.8 dB

	
+5.8 dB




	
n = 1800 rpm




	
fr,pump− = 90.0 Hz

	
+8.1 dB

	
+30.5 dB

	
+39.2 dB

	
+42.2 dB

	
+24.0 dB

	
+7.1 dB

	
+16.9 dB




	
fr,pump− = 150.0 Hz

	
+14.0 dB

	
+29.1 dB

	
+46.9 dB

	
+36.6 dB

	
+18.4 dB

	
−26.1 dB

	
+8.9 dB




	
n = 1000 rpm




	
fr,pump− = 50.3 Hz

	
−20.8 dB

	
−1.3 dB

	
+7.0 dB

	
−27.9 dB

	
−17.5 dB

	
+18.4 dB

	
+7.8 dB




	
fr,pump− = 83.8 Hz

	
+5.1 dB

	
+9.0 dB

	
+12.9 dB

	
+6.2 dB

	
+0.5 dB

	
+20.6 dB

	
+4.0 dB
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