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Abstract

:

An investigation is conducted on the Francis turbine’s cavitation characteristics and its influence on system hydraulic stability using two experimental methods, namely the flow visualization and acoustic emission methods. The investigated turbine is of Francis type with a 15-blade runner and has a specific speed of 202 rpm and a rated head of 30 m. Having tested the machine under a wide range of cavitation conditions, the gap cavitation is the earliest to develop as the cavitation coefficient gradually decreases and has no obvious effect on the machine’s external performance characteristics. The airfoil cavitation follows and causes the increase and decrease in machine flow rate and head, respectively, showing its drag reduction effect, where, at the same time, the pressure pulsation amplitude gets to its peak value. There is also the formation of constant cavitation zones and the involvement of an unsteady surge close to the wall of the draft tube’s cone. Pushing the cavitation coefficient to even lower values, there is the formation of an annular cavitation zone, accompanied by a sharp drop in cone pressure pulsation amplitudes while the former drag reduction effect disappears. The trend of noise is basically the same as that of pressure fluctuation, which confirms its trustworthiness when it comes to cavitation occurrence detection within Francis turbines.
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1. Introduction


Ensuring global energy access to all constitutes one of United Nations’ sustainable development goals [1]. At the same time, there is a global will to shift the energy generation dependence from fossil fuels to renewable energy sources such as solar, wind, and hydropower [2,3,4]. This is in line with the current global move to fight climate change by promoting the energy production through low-carbon combustion-free energy sources (LCCF) [5]. The utilization of LCCF energy sources has seen continuous growth, at least within the 21st century and is projected to grow further in the coming years [6]. As an example, through the European green deal, European countries expect a climate-neutral Europe by 2050, relying on different proposed measures, such as the adoption of LCCF energy sources among others [7]. Among the currently available renewable energy sources (RES), hydropower is the largest source of renewable electricity with its current global installed capacity of more than 1300 GW, and it is projected to grow by 60% in 2050 [8]. In an electrical power grid, hydropower plants display a great ability to flexibly operate hand in hand with the intermittent nature of RES-generated power (mostly solar and wind power), mainly acting as the balance recourse [9]. Indeed, as also mentioned by Jiao et al. [10], a high penetration of intermittent renewable energy sources in the power grid may lead to different incidents, such as a power outage or grid stability issues [11,12].



Owing to its ability to quickly change its operations from high to low power generation or vice versa, hydropower ranks among the most efficient means to deal with RES-inflicted grid instabilities [13,14]. In these plants, Francis turbines constitute roughly 60% of the worldwide installed capacity and are either used for base load generation or, as mentioned above, stabilization of electrical power grids [15]. In their daily operations, these machines may be obliged to operate under off-design conditions to synchronize their output with the grid or be forced into frequent start-stops beyond the machine nominal operating standards [16]. Under these conditions, the machine will endure different detrimental phenomena such as cavitation, draft tube vortex rope, and draft tube cavitation surge [17,18,19]. The occurrence of these phenomena within the machine undermines its operational efficiency, inducing detrimental pressure pulsations and resultant structural vibration and noise [20,21]. The latter may lead to the breakage of different machine components (runner blades or guide vanes) or the disruption of the whole plant in case of resonance with the natural frequency of the plant structure [22,23,24,25].



A Francis turbine operating under BEP (Best Efficiency Point) conditions exhibits an almost axial flow velocity at the runner outlet. Under off-design conditions, however, secondary flow structures develop within the machine flow channels, leading to the emergence of a tangential component of the water flow velocity at the runner outlet, which eventually gives birth to the draft tube vortex rope [26,27,28,29,30]. When the local pressure within the draft tube vortex core substantially drops, cavitation takes place, turning the initial draft tube swirling flow into a cavitating vortex rope [31,32]. The latter has been found to be very sensitive to the machine operating conditions. Under over-load conditions (Q > QBEP), an axisymmetric vortex rope is formed, possibly leading to a cavitation surge occurrence and, subsequently, high pressure pulsation amplitudes. On the other hand, a helical processing vortex rope is formed within the draft tube for part-load operating conditions (Q < QBEP) [33,34,35,36].



Speaking of cavitation specifically, Kamal et al. [37] emphasized that cavitation ranks among the highly detrimental phenomena that quickly degrade the turbine’s performance. Among its possible causes, Tiwari et al. [38] cited high flow speed, low local pressure, and abrupt change in flow direction as the most outstanding ones. Cavitation considerably affects the dynamic stability and the efficiency of the turbine and reduces its operational life span by inflicting damages and fatigue on the turbine structure due to involved structural vibrations and material erosion (surface pitting) [39,40,41,42]. Depending on the machine operating conditions, cavitation takes place at different locations within the turbine’s flow zone, such as the blade tip clearance, blade trailing edge, blade leading edge, inter-blade zone, and runner downstream zone [43,44,45,46]. In a study conducted by Sun et al. [47] on inter-blade cavitation dynamics within a Francis turbine, a negative flow incidence angle at the runner blade’s leading edge was identified as the main trigger of inter-blade cavitation inception and development. The inter-blade cavitation vortices were helical shapes, attached on the runner hub and extending towards the runner outlet zone, with a processing frequency equivalent to that of the runner rotation. In the same respect, Yamamoto et al. [48,49] confirmed that the runner inter-blade cavitating vortex development is somehow linked with flow recirculation that emerged within the vicinities of the runner hub under deep part-load conditions. An exploration of the cavitation development at the runner blade’s trailing edge under part-load conditions and its intensification with the cavitation number decrease has been performed by Liu et al. [50]. At the same time, they also explored the emergence of a draft tube cavitating vortex rope with a processing frequency falling within the range of 0.22–0.31 fn (fn: runner rotational frequency) under part-load conditions. This somehow implicates that, as mentioned in the above sections, part-load operating conditions are linked with the draft tube helical cavitating vortex rope emergence, where its cavitating core volume depends on the under-pressure level. In a study conducted by Iliescu et al. [51], the rope diameter was found to increase with the decrease of the Thoma cavitation number for a Francis turbine operating under 70% QBEP flow conditions. Almost similar effects of cavitation number variation on turbine cavitating behavior have been recorded by Decaix et al. [52], where, however, the over-load operating conditions (130% QBEP) were considered. With a continuous decrease in cavitation number, the cavitation volume increased both at the runner blade’s trailing edges and within the core of a draft tube axisymmetric cavitating vortex rope. The latter exhibited self-excited collapses and re-emergence behaviors for very low cavitation numbers, which generally leads to extremely high pressure pulsation amplitudes [53].



Speaking of pressure pulsation characteristics linked to the cavitating vortex rope procession, Marko et al. [54] has found that there is an obvious interdependence between the vortex rope structural rotations and the associated pressure pulsation characteristics. Cheng at al. [55], investigating the draft tube vortex rope strength under part-load conditions, used numerical and experimental testing methods to study draft tube flow dynamics under a wide range of part-load flow conditions. They found the machine operating flow conditions as the main parameter that influences draft tube vortex rope strengths. For the five investigated flow conditions, the vortex rope was non-existent for very low flow conditions, then eventually incepted and strengthened with the machine influx increase, reaching its strongest state under 88% QBEP conditions. At this point, the associated pressure pulsation amplitudes were the highest, while the corresponding pulsation frequency got transmitted throughout the whole flow passage, both in the upstream as the downstream flow zones. On the other hand, Yu at al. [56] identified two types of pulsations, one taking source from the vortex rope rotation itself, the other from the cavitation volume surge. With the decrease in cavitation number, pressure pulsations linked with the cavitation volume surge displayed a constant frequency with considerably increasing amplitudes. On the other hand, both the pulsation frequency and amplitudes slightly increased with cavitation number decrease for the case of pressure pulsations linked with vortex rope rotation. Escaler et al. [57], investigating the draft tube flow and pressure pulsation characteristics among others, experienced a vortex rope-associated instability under low load conditions, which eventually disappeared and reappeared under BEP and over BEP conditions, respectively. Maximum pressure pulsations were recorded under full load conditions, where, in a correspondent way, recorded amplitude modulations for acoustic emissions and vibrations were the highest.



As also shown in different works, there is a direct link between local cavitation development extent, field pressure pulsation characteristics, machine structural vibration, and local acoustic emissions [58,59]. This has led to many investigators taking both vibration and acoustic emission detection technics as reliable means to detect the cavitation development extent within different fluid systems [60,61,62].



Therefore, targeting to the analysis of cavitation occurrence within hydraulic turbines, recent studies have also focused on both these methods. Among others, Branko et al. [63] used the vibro-acoustic method to monitor and identify the early cavitation. The method consists of collecting the noise signal in the draft tube and comprehensively evaluating the associated cavitation degree. In the same respect, through model testing, Gruber et al. [64] collected cavitation vibration signals of the turbine at guide bearings and guide vanes and analyzed the envelope spectrum of signals in the range of 40–50 kHz. Dupont et al. [65] have used a cavitation noise detection method to study the cavitation development mechanism in a hydraulic turbine. Bourdon et al. [66] used the acceleration sensors to monitor cavitation noise of a Francis turbine, trying to find the relationship between the power spectrum of noise signal and cavitation intensity. Zhao et al. [67] adopted an energy method to study the cavitation noise of turbines. The level of cavitation at which the turbine operating efficiency started to decline has been determined. However, it was found that, unlike the machine efficiency, the developed power started to decline when the turbine cavitation level had already attained an advanced level.



As shown in the above discussed works, cavitation remains a detrimental phenomenon considerably affecting the safe operations of Francis turbines in different hydropower plants. In order to mitigate its occurrence or control its damaging levels, its development mechanism has to be accurately detected. This has been subject to continuous studies, where different cavitation detection technics have indeed been explored, as shown in the above literature. However, due to the complexity of turbine cavitation dynamics, each of the available technics have presented a certain level of accuracy, but many fail to satisfactorily dissect all involved development phases. Therefore, the usage of a multi-technique cavitation diagnosis approach may be more effective.



In this respect, the present article tries to study the turbine cavitation performance by gradually extracting the turbine cavitation development information using a combination of three different techniques, namely the synchronous flash imaging technology, time-passive technology of high-speed photography, and cavitation noise detection technology. A relationship between the cavitation coefficient and the machine’s external performance characteristics has been established, based on the determination of both the initial and critical cavitation coefficients and by visually capturing the onset and development process of cavitation. The experimental findings presented in this article provide support for the cavitation performance optimization for turbine runners.




2. Materials and Methods


The test research was carried out on No. 5 Hydraulic Test Platform of Harbin Electric Corporation in Harbin, China. Figure 1a shows the turbine testing section with inlet and outlet pressure measurement zones marked. The tested turbine runner is of Francis type with a 420 mm diameter, 15 blades, a rated head of 30m, and a dynamic specific speed (  N s =   n  P    1 2      /   H    5 4        ) of 202 rpm. The tested runner is shown in Figure 1b. This test platform can carry out conventional tests such as turbine efficiency, cavitation, runaway speed, and auxiliary tests such as pressure fluctuation, axial force, hydraulic moment of guide vane, etc. In addition, the flow visualization system of this platform can be used to observe the internal flow pattern of hydraulic machinery. The testing system operates in open mode during flow calibration and in closed mode during the performance test. The maximum test head Hmax is 40 m, and the maximum discharge Qmax is 2 m3/s. Among other characteristics of the test rig, the power and speed range of the generator are 350 kW and 0–3000 rpm, the power used pumps is 400 kW, the volume of flow calibration tanks is 160 m3, the volume of the main reservoir is 3000 m3, and the overall efficiency uncertainty is ≤0.20%. Figure 2 shows the schematic diagram of the hydraulic test platform. The experimental platform can measure the torque, flow rate, hydraulic specific energy, net suction elevation, pressure fluctuation, and other conventional hydraulic performances. Throughout the conducted tests, optical fiber endoscope and digital industrial camera are used to display the internal flow field, so as to observe the flow separation, initial cavitation, vortex rope, and other cavitation phenomena. The dimension of optical fiber endoscope used in this test is 10 mm × 300 mm × DOV50/80/90°, the diameter of the probe is 10 mm, the working length is 300 mm, and the fixed optical cable is 4 m.



At the same time, Kistler 8152 b, a high temperature acoustic sensor, is used to measure the noise signal. The sensor uses the pressure point crystal as the sensing element, which has high sensitivity and a wide frequency response range, where the maximum response frequency can reach 400 kHz. Kistler 5125 acoustic signal conditioner is used for signal conditioning. The conditioning unit can provide power for 8152 acoustic emission sensor and carry out high-frequency amplification.



Its internal built-in RMS converter can select the output signal and has a built-in filter to provide 1–1000 kHz filtering for the input signal. At last, the NIcDAQ data acquisition system was used to collect the data for further analysis (acquisition rate: 2.8 MS/s). The system is shown in Figure 3. In order to better capture the acoustic energy radiated to the surroundings by the bubble collapse within the runner inter-blade cavitation zones, the installation position of the sensor is selected as close as possible to the cavitation position of runner blade. According to the previous research, for a Francis turbine, the runner blade-attached cavitation usually appears near the runner shroud (the connections of blades and shroud are the first places where cavitation induces). Considering the installation features of the acoustic sensor, the sensor is installed on the flange near the runner outlet of the cone tube, and the specific installation position is shown in the Figure 4.




3. Results


3.1. Cavitation Development and Its Influence on Hydraulic Stability


In this paper, the development of cavitation in the tested turbine model is studied, where the influence of cavitation on hydraulic stability is analyzed through the investigation of eventual changes in the machine’s external performance characteristics and pressure pulsation mode. Tests were conducted at a constant guide vane opening of 35.5° (rated condition).



The phenomenon in both Figure 5 and Figure 6 shows that: When the runner runs under the condition of high cavitation coefficient (σ > 0.13), there is no cavitation phenomenon. The cavitation number is defined as in Equation (1), where Pa, ρ, g, Qout, A2, Hm and Pv stand for draft tube outlet pressure, density, gravitational acceleration, outlet discharge, draft tube outlet cross-sectional area, water head, and vapor pressure, respectively. When the cavitation coefficient continues decreasing (sigma is about 0.12), the gap cavitation occurs at the gap between the runner and the lower ring. When the cavitation coefficient continues to decrease to about 0.1, the gap cavitation becomes more serious, and the cavitation phenomenon occurs at the runner blade outlet near the lower ring.


  σ =    P a  + 0.5 ρ    (     Q  o u t      A 2     )   2  −  P v    ρ g  H m     



(1)







Through observation and analysis, this cavitation phenomenon is due to the rapid change of blade outlet radius or soldering reasons. This local cavitation is the relatively stable zonal cavitation vortex all the time. When the cavitation coefficient decreases to 0.08, the obvious airfoil cavitation phenomenon begins to appear on the blade, and the cavitation vortices will disappear and collapse near the outlet of the blade soon after they are formed. When the cavitation coefficient decreases to 0.06, the typical airfoil cavitation phenomenon appears at different positions on different blades, and the cavitation vortices eventually present the following characteristics: Initially, the volume of cavitation vortices gradually increases. After reaching a certain level, it breaks into many small cavitation vortices. The latter eventually disappears after detaching from the blade surface and getting carried away in the flow direction.



When the cavitation coefficient decreases to 0.05, the above-described phenomenon reappears at different positions on more runner blades, where a large number of bubble vortices gradually develop, forming strip-shaped bubble vortices rotating in the opposite direction of runner rotation. These finally disappear and go to collapse in the runner channels. When the cavitation coefficient continues to decrease to 0.04, a large number of cavitation vortices emerges in the whole channel, and the formerly mentioned strip cavitation vortices gradually elongate and reach the flow zones near the lower ring of the runner displaying a downward trend, where, in addition, the noise caused by cavitation is intensified.



When the cavitation coefficient decreases to 0.03, the whole channel is covered by bubbles produced by various cavitation zones. When the cavitation coefficient continues to decrease to 0.04, a large number of cavitation vortices emerges in the whole channel, and the formerly mentioned strip cavitation vortices gradually elongate and reach the flow zones near the lower ring of the runner displaying a downward trend, where, in addition, the noise caused by cavitation is intensified. When the cavitation coefficient decreases to 0.03, the whole channel is covered by bubbles produced by various cavitation zones.



In addition, an unstable cavitation vortex is formed on the outside of the flow channel near the cone tube. With the turbine runner rotation, the strip-shaped cavitation vortex wraps the internal reverse cylindrical vortex in the flow channel and forms a surge near the cone tube wall, resulting in a sharp increase in the noise of the whole unit.



When the cavitation coefficient continues to decrease, cavitation bubbles cover the periphery of the whole cone wall, the surge phenomenon disappears, and the unit noise tends to weaken.



It can be seen from Figure 7a that the cavitation state at the junction of blade root and runner lower ring is strip-shaped, and the generated cavitation bubbles do not adhere to the blade surface but immediately leave the blade after generation. The same feature has been noticed in other recently conducted investigations [47,53,68]. From the comparison between the cavitation phenomenon in Figure 7a with cavitation at the blade outlet edge in Figure 7b, the cavitation bubbles generated at the outlet edge adhere to the blade surface after formation and flow with the blade profile obviously and continuously, while cavitation generated at the blade root is irregular and does not flow with the blade airfoil obviously. It can be concluded that the cavitation at the blade root is not airfoil cavitation; it is rather caused by the rapid change of the radius at the connection. This kind of cavitation can be avoided by optimizing the design of the blade connection zone. The local cavitation phenomenon can also be caused by the unsmooth (rough) blade surface due to welding problems, which can be improved by treating the blade joint and improving the smoothness of the joint.




3.2. Influence of Cavitation Onset and Development on Turbine External Performance Characteristics


It can be seen from Figure 8 and Figure 9 that when the cavitation coefficient is between 0.08 and 0.32, the external performance characteristics of the turbine, such as the efficiency, flow rate, and water head, remain stable and do not change with the cavitation coefficient changes. Therefore, the clearance cavitation and local flow cavitation within the runner have no effect on the machine’s external performance characteristics.



When the cavitation coefficient is lower than 0.08, the efficiency of the model begins to decline. For cavitation coefficients in the range of 0.08–0.05, the machine flow rate presents an upward trend, gradually rising from 0.64 m3/s to 0.644 m3/s specifically as the cavitation coefficient decreased.



At this time, the hydraulic head presents a downward trend (30 m to 29.8 m), which indicates that the flow resistance gradually weakens with the decrease in cavitation coefficient. From the onset of airfoil cavitation (cavitation coefficient is 0.08) to its initial expansion phase (cavitation coefficient is 0.05), airfoil cavitation appeared in many blades, where, subsequently, bubbles also appeared in the same zones, which later began to leave the inter-blade flow zones being carried away with the fluid (Point A and Point C). With the cavitation coefficient’s further decrease to values below 0.04, a larger number of cavitation bubbles developed (Point B and Point C), triggering an increased resistance to the flow passage in the channel, which explains the downward and upward trends for the machine flow rate and hydraulic head, respectively, under these conditions.



In other words, during the test, with the decreasing cavitation coefficient, the changes in parameters such as efficiency, flow rate, head, and torque were observed. In the range of high cavitation coefficients, the flow rate, head, and efficiency did not remarkably change with the cavitation coefficient decrease. However, when cavitation incepted, the flow rate increased first then decreased, while the water head decreased and then increased. With the primary cavitation occurrence, the cavitation-induced bubbles adhered to the blade surface. With a further decrease of tailrace pressure, the resistance to the flow passage decreased, allowing the flow rate to correspondingly increase and the water head to consequently decrease. With further cavitation intensification, a large cavitation zone formed in the channel and blocked the fluid movement, resulting in the increased resistance to water flow, which in turn led to the decrease in the flow rate and subsequent water head increase.




3.3. Influence of Turbine Cavitation on Its Pressure Pulsation Characteristics


Cavitation mainly occurs at the exit of the runner blade, and it becomes more and more serious with the decrease in the cavitation coefficient, which has a great influence on pressure pulsation characteristics of the draft tube’s cone and elbow flow zones. The pressure fluctuation test results (Figure 10) show that, when the cavitation coefficient is above 0.08, the amplitude of the pressure fluctuation basically does not change, which means that both the clearance cavitation and local cavitation of the runner have no effect on the draft tube pressure field characteristics. When the cavitation coefficient is between 0.06 and 0.08, the onset of airfoil cavitation takes place, and the pressure fluctuation increases slightly at both the cone and elbow tubes. When the cavitation coefficient decreases to between 0.03 and 0.06, the airfoil cavitation intensifies, giving rise to cavitation vortices which extend into the channel as the runner rotates. Under these conditions, cavitation volume gradually increases leading to eventual bubbles collapse. When the cavitation coefficient reaches 0.03, the whole channel is covered by cavitation bubbles just like in Figure 8. The amplitude of pressure fluctuations in the cone and elbow tubes keep raising. With a continuous decrease in the cavitation coefficient to values below 0.03, the periphery of the wall of the cone tube gets entirely covered by cavitation bubbles. At this point, the cavitation vortex boundaries tend to move downward from the cone toward the elbow zone, and the surge phenomenon disappears. Therefore, with the downward movement of the cavitation vortex boundary, pressure fluctuation levels within the draft tube’s cone zone sharply decreased, while that of elbow zone continuously rose.



This is further demonstrated in Figure 11. In this figure, the pressure fluctuation spectra at cone and elbow flow zones are shown. Under high cavitation coefficients conditions, the pressure pulsation spectrum at the elbow is dominated by a low frequency component (named f1 type) whose approximate value is 0.25 fn (fn: runner rotational frequency). In addition, there are other high-frequency components with smaller amplitudes (named f2 type) whose values are approximate harmonics of the blade passing frequency (BPF). Note that, considering a constant unitary speed n11 of 71.8 rpm, the blade passing frequency (BPF = 15 fn) is 246.45 Hz. With the decrease in the cavitation coefficient, the type f1 amplitude first fluctuates until the cavitation inception point. Afterward, its amplitude went through a continuous growth as the cavitation worsened.



As for type f2, pulsation amplitudes almost stabilized with the cavitation coefficient decrease until the cavitation inception point was reached. From this point onward, the pulsation amplitude slowly increased, and more high-frequency, low-amplitude components emerged and gradually occupied a wider range of frequencies as the cavitation worsened.



On the hand, the draft tube cone zone was dominated by multiple high-frequency components under non-cavitating conditions, while the formerly discussed f1 type frequency exhibited one of lowest pulsation amplitudes. With the decrease in cavitation coefficient, the amplitudes of high-frequency components almost stabilized while the occupied frequency range gradually narrowed until the cavitation inception point. From this point onward, type f1’s amplitude gradually increased to become the dominant frequency under σ = 0.039 conditions, before dropping to a considerably lower value under σ = 0.025 conditions.



As for the high-frequency components, with the gradual cavitation growth, their amplitudes globally increased and occupied a wider range of frequencies until σ = 0.039 operating conditions, before abruptly dropping to considerably lower values under σ = 0.025 conditions. It can therefore be seen that the evolution of pressure pulsation characteristics within the two flow zones in the draft tube (cone and elbow zones) reflects the same situation presented in Figure 10.




3.4. Relationship between Cavitation Development and Noise


Figure 12, Figure 13 and Figure 14 show the acoustic information at different cavitation coefficients. Figure 11 shows the peak-to-peak value, Figure 13 shows the time domain signal, while Figure 13 shows the frequency domain signal. According to the analysis results of pressure fluctuation and acoustic signal, it is found that the acoustic sensor has almost no response to the background noise and flow noise generated in the operation process of the tested machine before the blade cavitation occurs. The noise curve is basically flat, and there is no characteristic signal except the high-frequency electrical noise in the frequency analysis.



This is because, in the process of model turbine operation, when there is no cavitation, the background noise is basically less than 200 Hz signal, which mainly represents a low-frequency signal that can be filtered. In addition, during the operation of the model turbine, the background noise source is fixed, so the signal is stable. The noise is dominated by low-frequency energy, and the overall energy of the high-frequency component is weak.



When initial cavitation occurs, the high-frequency energy is increased, and the energy in the low-frequency region is also enhanced due to the generation of cavitation. The whole power spectral density curve is obviously separated from the trend of non-cavitation case. When cavitation continues to develop, the full band energy is enhanced, and the power spectral density curve is completely separated from the original non-cavitation curve group due to the large number of cavitation bubbles and eventual collapse on the runner blade surfaces. The energy of the runner blade is increased as large numbers of bubbles are generated and collapse, and the energy of the whole frequency band is enhanced. At this time, the power spectral density curve is completely separated from the original non-cavitation curve group, and the low-frequency energy enhancement effect is significant due to a large number of bubbles. However, with the continuous decrease of cavitation coefficient, the cavitation degree is gradually intensified, the number of bubbles attached to the blade surface is gradually increased, and the radius of the bubbles is also increased. After the bubbles collapse, a large number of pressure waves radiate into the water.



The cavitation noise signal from the acoustic sensor shows that the signal becomes violent, and the sound amplitude also increases. Through a comparative analysis between the results of acoustic signals and pressure fluctuation within the draft tube’s cone and elbow zones (see Figure 15), it can be seen that the acoustic phenomenon is just similar (consistent) with pressure fluctuations at the cone tube. When the gap cavitation occurs, the noise produced by cavitation bubbles begins to rise sharply.



When the cavitation coefficient decreases to a deep cavitation level, the whole flow channel is covered by cavitation bubbles, and unstable cavitation vortices are formed outside the runner flow channels near the draft tube cone zone. At this operating point, the noise of the whole unit reaches the maximum value. In a corresponding way, the pressure fluctuation of the cone tube also reaches the maximum value. However, when the developed cavitation vortex’s boundary moves downwards from the draft tube’s cone to the elbow zone as the cavitation coefficient decreases to values below 0.03, the noise and pressure fluctuations at the cone tube both decrease.





4. Conclusions


This paper studied the Francis turbine’s cavitation performance by analyzing its hydraulic performance, pressure fluctuation characteristics, and acoustic information using the experimental testing method. The high-speed visualization and acoustic capture techniques were used to get the required information about the machine flow dynamics and associated noise characteristics for a wide range of cavitation conditions. After a deep analysis of acquired test results, a number of concluding remarks have been drawn as follows:




	(a)

	
Although the gap cavitation at the runner outlet and the local cavitation boosted by surface roughness of turbine components become more severe with the decrease of the cavitation coefficient, it has no obvious effect on the turbine performance parameters (efficiency, hydraulic head, and flow rate). When the airfoil cavitation develops, the occurred increase in flow rate and a correspondent hydraulic head decrease show that the cavitation phenomenon has a certain drag reduction effect on the flow. This drag reduction effect, however, disappears when the cavitation develops to deep cavitation state, which makes the flow rate decrease and hydraulic head increase.




	(b)

	
The pressure pulsation at the cone and elbow tube is stable before the occurrence of airfoil cavitation, and it does not change with the change of the cavitation coefficient. When the airfoil cavitation just appears, both the turbine efficiency and the local pressure remarkably fluctuate, which again means that the airfoil cavitation affects the external characteristics of the turbine and its stability. When the cavitation gets serious, resulting in continuous cavitation zones formation and unsteady surge development near the wall of the draft tube’s cone, the pressure fluctuation within the same zone (draft tube’s cone zone) reaches the maximum. When the cavitation coefficient continues to decrease, a closed and stable annular cavitation zone is formed, which leads to the sharp drop of pressure fluctuation within the cone zone. On the other hand, the elbow tube presents a rising trend due to the gradual downward movement of the cavitation vortex boundary.




	(c)

	
Through the analysis of acoustic data, it is shown that before cavitation occurs, the signal energy has no change and is in a low energy level. After cavitation occurs, cavitation bubbles develop and collapse more intensely. Therefore, the energy level of the whole signal changes step by step. The power spectral density shows that when cavitation has not occurred, the signal is dominated by low-frequency energy, and the overall energy of the high-frequency component is weak. When the incipient cavitation occurs, the high-frequency energy is increased, and the energy in the low-frequency region is also enhanced. The whole power spectral density curve is obviously away from the trend of non-cavitation. When cavitation continues to develop, there is a large number of cavitation bubbles on the runner blade, and the full band energy is enhanced. The trend of noise is basically the same as that of pressure fluctuation at the cone tube.
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Figure 1. Hydraulic Test Platform No. 5 of Harbin Electric Corporation. (a) Testing section. (b) Tested turbine runner. 
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Figure 2. Schematic diagram of the hydraulic testing platform. 
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Figure 3. Noise capture and acquisition system. 
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Figure 4. Installation of acoustic sensor. (a) Side view and (b) Closer view. 
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Figure 5. The hydraulic efficiency when cavitation number decreases. 
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Figure 6. Cavitation bubbles formation with the decreasing cavitation number (σ). 
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Figure 7. Cavitation development on the turbine runner blade. (a) Cavitation visualization at blade root. (b) Cavitation visualization at blade outlet. 
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Figure 8. Turbine external performance characteristics changes with cavitation development. (a) Flow rate change with cavitation. (b) Head change with cavitation. 
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Figure 9. Flow visualization of different operating points (a–d). 
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Figure 10. Pressure fluctuation amplitudes (ΔH/H) within the draft tube: (a) within the cone tube, (b) within the elbow. 






Figure 10. Pressure fluctuation amplitudes (ΔH/H) within the draft tube: (a) within the cone tube, (b) within the elbow.



[image: Sustainability 14 03263 g010]







[image: Sustainability 14 03263 g011 550] 





Figure 11. Pressure fluctuation frequency spectra at (a) cone tube and (b) elbow zones. 
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Figure 12. The peak-to-peak value of noise at different cavitation coefficients. 
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Figure 13. The acoustic time domain signal at different cavitation coefficients. 
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Figure 14. The acoustic frequency domain signal at different cavitation coefficients. 
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Figure 15. The comparison between noise and pressure fluctuation. 
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