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ABSTRACT 

One of the main drawbacks of centrifugal pumps is the reduction of their 

operation range to avoid cavitation. This undesired phase change phenomenon 

takes place as a result of high flow velocities attained in the impeller, which locally 
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reduce the static pressure below the saturation level. Also, certain design features 

intended to improve pump efficiency in non-cavitating conditions may tend to 

add even more restrictions to the working range. In the present article, a global 

measurement of the cavitation characteristics is performed on a test pump, 

following the traditional performance drop approach, at three different impeller 

rates of 1800 rpm, 2100 rpm and 2400 rpm. Special stress is made in the discussion 

of the required Net Positive Suction Head (NPSHr) curves obtained, deviating 

from common values in centrifugal machines and resembling those of an axial 

pump at low flow numbers due to the axial inlet with high wrap angle (high 

angular span of a given blade, from inlet to outlet section) featured by the tested 

impeller. Afterwards, the study of airborne noise signature is conducted focusing 

on three working points (namely QN, 0.4QN and 1.7QN, where QN stands for the 

nominal point flow rate) revealing the suitability of both tonal (blade passage 

frequency) and high-pitch acoustic emission to characterize flow behavior. In 

addition, cavitation hysteresis is introduced as a novel method to double-check 

NPSHi determination. Finally, the acoustically measured NPSHi and the 

performance-based NPSHr are compared to establishing the required safety 

margin arising from the application of the proposed methodology. 
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INTRODUCTION 

 Cavitation is a quite complex phenomenon, with a proper name differing 

from vaporization and specular to the term boiling, this differentiation being more 

closely related to the engineering interest on the problem than to a purely 

thermodynamical criterion. In the literature, cavitation is defined as the formation 

of vapor bubbles in low pressure regions within a flow, [1]. Alternatively, and 

following the definition in [2], the term cavitation characterizes the conditions of 

a point inside a pump where vapor cavities are formed due to a local pressure 

drop. 

 A deeper description of the phenomenon is avoided, but the bubble initial 

stage or nucleation process was established using the Gibbs energy that must be 

fed to create such bubble in the bulk of the fluid [3], Wb, obtained as: 

 

 𝑊𝑏 =
16 𝜋 𝑆3

3 (𝑝𝑉−𝑝∞)2 (1) 

 

Where 𝑆 is the surface tension of the liquid-vapor interface, 𝑝𝑉 the vapor 

pressure and 𝑝∞ the far-field liquid pressure. The nucleation rate, defined as the 

rate of nucleated bubbles per unit time, is directly proportional to the inverse 

exponential of Wb following classical nucleation theory [4]. Typically, the critical 

radius considered for the nucleation events should be of the order of Å, 

corresponding to instantaneous intermolecular voids that will later give birth to 

bigger bubbles.  

However, industrial and scientific experience has shown discrepancy with 

these equations (which would require the liquid pressure to fall below vacuum 

conditions before bubble formation begins), leading to the development of 

heterogeneous nucleation theory. Some authors (see [5] for instance) have 

modelled the nucleation event on a surface instead of in the bulk of a liquid as 

happening inside a conical cavity that resembles the usual surface roughness 

imperfections. At the microscopic scale at which the phenomenon is taking place, 
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surfaces present peaks and valleys whose height and sharpness depend on the 

roughness profile as depicted in Figure 1.a. This profile is characterized by the 

crevice angle δ, which is a pure surface characteristic, and the contact angle θ, 

which depends on fluid-surface coupling. 

In these conditions, bubble nucleation will be favored as reaching the same 

critical radius requires less energy than that estimated from the ideal (spherical 

one). Even though the equilibrium or critical radius remains the same as for the 

spherical bubble, the required energy invested for the creation of the bubble in a 

conical-like surface imperfection (or crevice), Wc, becomes according to [6]: 

 

 
𝑊𝑐

𝑊𝑏
= (

1

2
+

3

4
sin(𝛿 − 𝜃) −

1

4
sin3(𝛿 − 𝜃) −

1

4
cos3(𝛿 − 𝜃) tan (𝛿)) (2) 

 

 Using (2), Figure 1.b is obtained, separating the conditions of bulk and 

crevice nucleation predominance as a function of crevice sharpness (δ) and liquid-

solid contact angle (θ), showing that hydrophobic surfaces (θ > 90°) are more 

prone to suffer heterogeneous nucleation than hydrophilic ones. There also exists 

a region of geometries defined by very sharp crevices and highly hydrophobic 

surfaces in which the bubble nucleation process would be spontaneous if there 

exists a small enough liquid pressure (bounded by a threshold dashed line in the 

graph). Luckily, hydrophilic materials are used in most engineering applications 

and nucleation happens mostly (although not only) in the bulk of the liquid, as 

crevice nucleation needs the presence of some previous gas pocket in the 

nucleation site, [7]. When contaminating gases are present in the fluid the whole 

bubble behavior is altered. In real fluids (i.e., not pure substances), dissolved air 

concentrations can be significant. This is not especially relevant from the 

thermodynamic point of view discussed, but is highly influential not only for the 

nucleation, but also bubble growth processes. If the presence of non-condensable 

gases is considered, the equilibrium bubble radius 𝑅𝑒𝑞 is: 

 

 𝑅𝑒𝑞 =
2 𝑆

𝑝𝐺+ 𝑝𝑉−𝑝∞
 (3) 
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due to the addition of the partial pressure of gas, 𝑝𝐺. This initial gas content 

allows the existence of microscopic nuclei in the fluid that guarantee the presence 

of bubbles even at pressures for which the nucleation mechanism is inactive. The 

dynamics of these bubbles follow the Rayleigh-Plesset equation [7], in which the 

non-condensable gas is assumed to undergo a polytropic expansion when the 

pressure of the surrounding liquid 𝑝∞ is reduced: 

 

 
𝑝𝑉−𝑝∞(𝑡)

𝜌𝐿
+

𝑝𝐺,0

𝜌𝐿
(

𝑅0

𝑅
)

3𝛾

=
3

2
(

𝑑𝑅

𝑑𝑡
)

2

+ 𝑅
𝑑2 𝑅

𝑑 𝑡2 +
4 𝜇𝐿

𝜌𝐿𝑅

𝑑𝑅

𝑑𝑡
+

2 𝑆

𝜌𝐿 𝑅
 (4) 

 

 where 𝑅0 stands for the initial bubble radius, 𝜌𝐿 is the liquid density and 

𝜌𝐿 the liquid viscosity. In this case, and opposite to the case of nucleation in which 

extraordinary low (negative) pressures need to be attained, bubble growth can 

happen near the vapour pressure at above-vacuum conditions. The growth and 

collapse of the bubbles initially present in the working fluid is, therefore, the 

dominating mechanism governing cavitation. Hence, it becomes straightforward 

to deduce that water composition, especially in presence dissolved non 

condensable gases such as air, strongly conditions cavitation performance of 

pumps and other types of hydraulic machinery. For instance, the studies by [8] 

proved the major influence of water composition in cavitation phenomena. The 

distribution of cavitation nuclei, i.e. the bubbles already existing in the fluid at 

rest in atmospheric conditions, clearly varies with three factors: Fluid 

temperature, fluid composition and turbulence. 

 For the application of cavitation studies to centrifugal pumps, the research 

has been focused on the pump inlet section (impeller eye), where many flow 

phenomena are mixed and give rise to the bubble formation, [9], [10] or [11], 

among others. The possibility of flow separation in the spiral casing in the near-

tongue region has also been considered [12]. 
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(a) (b) 

Fig. 1.- Geometry of crevice nucleation in a hydrophilic surface (a) and 

favorability region of crevice nucleation (b). 

 

 The effects of cavitation, despite being an elusive, non-stationary 

phenomenon, are usually grouped into a design parameter that allows them to be 

on the side of safety and thus to avoid their appearance. The NPSH, or Net 

Positive Suction Head, is usually defined for pumps; that is, positive net height 

in the suction constitutes a measure of the energy (or head, because it is an 

incompressible flow) available at the suction of the pump above the energy (head 

or fluid height) that would result in the appearance of cavitation. The definition 

of the NPSH is done with equation (5), which establishes the proximity of the 

local pressure to the vapor pressure of the liquid. In a practical basis, it leads to: 

 

 𝑁𝑃𝑆𝐻 =
𝑝1−𝑝𝑉

𝜌𝐿 𝑔
+

𝑉1
2

2 𝑔
 (5) 

 

 where 𝑝1 and 𝑉1 respectively stand for the static pressure and the velocity 

modulus at the impeller eye, 𝑔 being the gravity acceleration. At the global 

average equation (5), the static and dynamic pressure are compared to the vapor 

pressure to determine the NPSH or, in other words, the cavitation margin [13]. 

Typical parabolic-shape curves are expected for that calculation. In the case of 
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the available circuit (see Figure 4) and given that the pressure measured by the 

available manometer is practically at the inlet of the pump, the previous 

expression (5) is used as stated in the bibliography, [12]. It is intended to obtain 

the curve of 3% fall, thus indicating a loss of performance of that percentage in 

the pump head as a result of flow distortions caused by bubble growth, coalescence 

and nucleation in the form of macroscopic cavities affecting flow patterns. 

Although a wide variety of criteria can be chosen to determine the NPSH 

corresponding to the start of this performance drop, three main trends can be 

identified in industrial practice [14], namely 1%, 3% and 5% drops. While the first 

criterion represents the most conservative option as it characterizes the very 

beginning of head drop, the last one considers that the NPSH required (NPSHr) 

to avoid cavitation is only felt once a very high decrement of the delivered head 

has taken place; attending to this reasoning, the 1% criterion would trivially be 

the best choice but it entails an inherent difficulty related to the impossibility to 

identify a 1% pressure drop with most pressure gauges installed in pumping 

facilities. For this reason, the 3% criterion represents a compromise between 

accuracy and ease of measurement. 

NPSHr curves provided by pump manufacturers attending to the 

previously defined head drop criteria should be corrected to account for the 

aforementioned variability factors related to the working fluid temperature and 

composition. For instance [15] proposed an analytical method to limit undesired 

vapor volume fractions at the impeller eye using an equivalent NPSHr which 

accounted for the dissolved air concentration in the liquid as well as temperature. 

Additionally, hysteresis represents a new source of variability when dealing with 

cavitation in turbomachinery flows. As [16] showed in their experiments, with a 

disk-shaped cavitating headform, once the so-called travelling bubble regime is 

abandoned in favor of macroscopic supercavitation, hysteretic effects appear and 

a pressure higher than the one that gave place to the development of such 

supercavity is needed to recover the original bubbly flow. A distinction is therefore 

made in the field of turbomachines between the inception and desinence 

conditions for cavitation [17], the former corresponding to experiments performed 

at decreasing NPSH and the latter at increasing NPSH. 
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(a) 

 

 

(b) 

Fig. 2.- Schematic of the cavitation test rig used for the experiments (a) and real 

appearance of the facility (b). 

Complementarily, a non-dimensional cavitation number σ is proposed in 

[8] to facilitate comparison between different hydraulic machinery. This 

parameter only considers the rate between the static pressure terms of the NPSH 

calculation and the inlet dynamic pressure: 

 

 𝜎 =
𝑝1−𝑝𝑉
1

2
 𝜌𝐿 𝑈1

2
=

𝑝1−𝑝𝑉
1

2
 𝜌𝐿 (𝜔 𝑅𝑇,1)

2 (6) 
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 where 𝑈1 is the peripheral velocity modulus at the impeller eye, 𝜔 the 

impeller rotation speed and 𝑅𝑇,1 the impeller eye tip radius. The cavitation 

number σ at which the effects of cavitation begin to be perceivable at any level is 

denoted σi, or cavitation inception number.  Among the different methods that 

have been proposed to assess cavitation in centrifugal pumps, motivated by the 

key role it plays on reliability and quietness during operation, the flow 

visualization has remained a major source of information for inception data, being 

still employed by modern researchers (see [12] or [17]) to draw information about 

cavitation inception spots and impeller-volute interactions with the help of 

stroboscopic lighting or PIV, [18]. Nevertheless, true cavitation inception happens 

before macroscopic bubbles or cavities are formed and is perceptible in an 

inchoating state by means of acoustic waterborne high-pitch noise in the suction 

line, see [19]. 

 Also, the classical experimental methods have gradually been replaced, 

especially during the earliest design stages of turbomachinery, by CFD modelling. 

The studies by [20] or the model by [21] were able to predict cavitation inception 

and development by means of computationally efficient algorithms based on 

mixture modelling of the multiphase fluid (air, water vapor and liquid water can 

be included in the simulation), which are nowadays available in most commercial 

suites. Computational studies of the cavitating flow in turbomachinery still 

represent an open research field [22], with new implementations being presented 

and validated [23] by researchers. However, the major influence played on 

cavitating flows by both the bubble population in the working fluid and the 

surface finish characteristics represents a challenge to be overcome. Meanwhile, 

experimental testing of machinery is combined with the initial estimates provided 

by CFD along the design process. 

 A bibliographic study shows that there exist five main methods for 

experimental cavitation assessment:  
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• Performance drop. For instance, in [24], where appropriate margins, 

either in terms of NPSH ratios or head margins are suggested to be 

applied by facility designers. 

• Efficiency drops, as stated in [25], where it is shown how many pumps 

experience an efficiency decrease before any perceivable head drop takes 

place. In other cases, or at different working points, however, the 

efficiency drop might be delayed with respect to head decrease. 

• Fluid borne noise. The FFT spectrum of the pressure signal at certain 

points of interest, namely the suction line, volute tongue or volute 

casing, is measured using hydrophones. Hydroacoustic measurements 

allow accurate identification of cavitation inception, especially from the 

study of high-pitch and ultrasonic frequencies, see [26]. 

• Vibration. If accelerometers are used instead of hydrophones, hence the 

structure-borne noise being measured, high-pitch fluctuations can also 

be used to monitor cavitation inception, as in [27] or [28]. 

• Torque/voltage fluctuations. Real-time preventive maintenance 

systems employing impeller rate variation to tackle cavitation inception 

are not based on hydrodynamic criteria but on electric signal 

fluctuations instead. When these signals deviate from their prescribed 

design values because of changes in the working fluid composition or 

deterioration of circuit components, an alert is raised by the system 

indicating the identified fault and its possible causes (not only 

cavitation, but also blade passage blockage or excessive volumetric 

losses can be detected), as shown in [29].  

The main drawback of airborne sound pressure level data is the increased 

difficulty of data treatment, as the hydrodynamic effects are not easily separable 

from the noise produced in electric drives, valves or couplings and bearings; some 

authors have even implemented neural networks [30] that help to speed up the 

interpretation of results and the establishment of a characteristic NPSHi.  

The present study is aimed at reducing the difficulty of data analysis by 

taking advantage of turbulent noise generation mechanisms and the hysteretic 
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behavior inherent to pump cavitation, while proposing a cost-efficient cavitation 

inception detection method. In first place, the cavitating behavior of a test pump 

will be characterized by the industrially widespread performance drop criterion. 

Subsequently, the study of the airborne noise signature at variable NPSH will be 

used to find the cavitation inception conditions (NPSHi) that should be avoided 

during the service life of the machine. Finally, both criteria will be compared in 

order to establish a safety margin to be compared with the recommendations from 

ANSI 9.6.1-2012. 

 

 

EXPERIMENTAL METHODOLOGY 

Pump and test rig. 

 A commercial pump model, namely a Worthington EWP 80-250 pump 

whose main geometrical parameters are given in Table 1, is analyzed in the 

present study. The drive system is connected to a frequency variator allowing 

impeller speeds up to 2400 rpm, this feature being used for the performance-drop 

characterization of the cavitating flow. 

 From the specific speed ns computed using the nominal flow and head 

coefficients, the machine can be classified as medium head. However, as can be 

observed in Figure 3, the pump impeller features an axial inlet section with high 

blade wrap angle in order to diminish shock losses at the impeller eye. The 

performance characteristics of the machine are represented by means of the non-

dimensional head coefficient versus flow coefficient curves presented in Figure 4, 

in which the variation of the head coefficient ψ is represented in the vertical left 

axis (black) as a function of the flow coefficient ϕ, ranging from 0 to 0.07 in the 

horizontal axis. In addition, the total efficiency (in which the volumetric, 

hydraulic and electric efficiencies of both the electric drive and the frequency 

variator have been included) is plotted in blue, ranging from 0% to 70 % in the 

right vertical axis. Both efficiency and head coefficient curves have been fitted to 

quadratic tendencies following the widespread trend in turbomachinery, [31]. 
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From these, the nominal (best efficiency) point can be found at ϕN = 0.039 and 

ψN = 0.83, exhibiting a total efficiency of 60%-64%, depending on the impeller 

speed. 

The experimental facility in which the pump is installed, designed and built 

according to BS 5316-2, see [32], is schematized in Figure 4.a while its real 

appearance is shown in Figure 4.b. Water is pumped from the main tank through 

the suction pipe, fed at a height ZS of 0.52 m from the bottom while the total 

liquid level ZA is above 1.3 m. A butterfly valve located in the suction pipe at 1.5 

m upstream with respect to the pump outlet flange promotes a minor loss ξS that 

is used to decrease the NPSH in the suction. A vacuum manometer measuring 

the suction pressure pS is located at a distance of 0.6 m upstream the impeller 

eye, while an additional manometer measures the discharge pressure pD at a height 

difference of ZpD − ZS = 0.5 m. A discharge valve with variable loss coefficient ξD 

is used to vary the working point of the circuit by increasing the slope of the 

resistance curve. Downstream from this valve, a KROHNE® IFC 090 digital 

meter based on magnetic flow measurement is available, see [33]. An orifice plate 

is also used for double-checking and avoidance of systematic errors, but its 

measurements will not be considered due to their higher uncertainty when 

compared to those of the magnetic flowmeter. 

Table 1: Centrifugal pump parameters. 

Parameter Symbol Value 

Specific speed 𝑛𝑠 =
𝜔√𝑄

(𝑔𝐻)3/4
 0.39 

Impeller type - Closed, axial inlet 

Impeller inlet tip diameter 𝐷𝑇,1 120 mm 

Impeller inlet hub diameter 𝐷𝐻,1 50 mm 

Impeller outlet diameter 𝐷2 300 mm 

Impeller outlet width 𝑏2 25 mm 

Inlet vane tip angle 𝛽𝑇,1 17° 

Inlet vane hub angle 𝛽𝐻,1 32° 

Outlet vane angle 𝛽2 29° 
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Number of blades 𝑍 7 

 

 

 

(a) (b) 

Fig. 3.- Impeller (a) and volute (b) of the test pump. 

 

Fig. 4.- Head coefficient ψ (left axis) and efficiency η (right axis) versus flow 

coefficient ϕ. 
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The nature and properties of the working fluid are significant factors 

affecting cavitation measurements, especially due to the strong influence of both 

water temperature and air content on cavitation inception results; this is the 

reason why bubble entrainment in suction vortices have been widely studied, see 

for instance [34]. For this reason, a characterization of the water being pumped 

has been conducted by means of an indirect method, namely oxygen concentration 

measurement. 

Firstly, the oxygen concentration of a sample taken from the main tank is 

measured by means of a HACH® HQ meter equipped with a LDO101 probe that 

is able to measure dissolved oxygen in a sample based on luminescence [35]. The 

fluid pressure and temperature are also determined in the same measurement, 

thus allowing to state that the fluid temperature during the performed tests 

ranged from 15 °C to 17 °C due to water heating as a result of friction in the 

pumping circuit and fluctuating ambient temperature. In these conditions, the 

vapor pressure of water ranges from 1.7 kPa (15 °C) to 1.9 kPa (17 °C), see [36], 

and its value can be established as the average (pV = 1.8 kPa), its uncertainty 

being found based on a rectangular (uniform) probability distribution according 

to the Guide for Uncertainty Measurement (GUM) explained in [37], thus 

resulting in: 

 

 𝑈95(𝑝𝑉) = 2
𝑝𝑉(16 ℃)−𝑝𝑉(15 ℃)

√12
= 0.1 𝑘𝑃𝑎 (7) 

 

The measurement of dissolved oxygen concentration yields a value of 10.22 

mg/l at 15.1 °C and 103.6 kPa absolute pressure (sum of atmospheric and 

hydrostatic terms), thus yielding a mass concentration of 10.23 gO2/kg water. 

That can be converted to mass concentration if oxygen solubility in air is known. 

Although oxygen concentration in air is 21%, this value changes when air is 

dissolved in water. According to [38], a 36 % solubility of oxygen in air at 15 °C 

can be considered as long as water is nearly saturated, which is precisely the case 
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with a 99.4 % oxygen saturation in the sample. Therefore, air content in water is 

found to be 28.4 ppm. If the air content fraction is defined as: 

 

 𝜒𝐺 = 𝑠𝐿𝐷𝑂/[𝐶]𝑂2
 (8) 

 

 Its extended uncertainty, using GUM, would then be (at a 95 % confidence 

level): 

 

 𝑈95(𝜒𝐺) = 2√|
1

[𝐶]𝑂2

|
2

𝑢2(𝑠𝐿𝐷𝑂) + |
𝑠𝐿𝐷𝑂

[𝐶]𝑂2
2 |

2

𝑢2([𝐶]𝑂2
) (9) 

 

For a uniform probability distribution in ±1 % for the oxygen 

concentration [𝐶]𝑂2
 resulting in a typical uncertainty of 𝑢([𝐶]𝑂2

) = 0.02 √12⁄ = 0.006 

and an uncertainty in sLDO of 𝑢(𝑠𝐿𝐷𝑂) = 0.1  mg/l declared by the manufacturer, the 

final expanded uncertainty of χG yields U95 (χG) = 1.10 ppm, or a relative 

uncertainty of 4.8 % which confirms that the sample water is nearly saturated 

with air, thus favoring the existence of an abundant population of large diameter 

bubbles.  

The airborne sound pressure is measured using a free-field Brüel & Kjær 

4189 microphone with 0.2 dB accuracy calibrated at 1 kHz and 94 dB by means 

of a Brüel & Kjær 4230 pistonphone. Further information about noise 

measurements is provided in the Acoustic Study section. 

The uncertainty of the rest of variables intervening in the experiment is 

found following the GUM approach for a 95 % confidence level in all cases is 

shown in Table 2. 
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Performance study. 

A characterization of the cavitating flow behavior in the centrifugal pump 

is carried out in first place following the widespread industrial approach of head 

drop, determining the NPSH corresponding to values of 1%, 3% and 5% in (Hnc-

H)/Hnc. While 1% head drop 𝑁𝑃𝑆𝐻𝑟
1% is more difficult to spot and thus subjected 

to higher uncertainty, it is able to predict an early stage of cavitation, and 

therefore can provide values of NPSHr greater than those obtained with 𝑁𝑃𝑆𝐻𝑟
3% 

thus representing a more conservative criterion allowing to design safer facilities. 

On the other hand, a 5% head drop will be caused by a greater development of 

cavities in the impeller with respect to the 3% case, meaning that this is a less 

conservative criterion giving rise to values of 𝑁𝑃𝑆𝐻𝑟
3% < 𝑁𝑃𝑆𝐻𝑟

5%. The interest of 

using different NPSH criteria, however, lies in the comparison of the slopes in the 

off-design 𝑁𝑃𝑆𝐻𝑟 − 𝑄 characteristics. 

Table 2: Expanded uncertainty (95% confidence level) for the variables of interest 

in the experiments. 

 

Variable Instrument Relative uncertainty (95%) 

Flow rate, 𝑄 
KROHNE IFC 090 

(±0.3% accuracy) 
±1.5 % at QN 

Pump head, 𝐻 

Manometers: 

discharge (0.1 bar scale) 

suction (0.02 bar scale) 

±1.6 % at QN 

Net Positive Suction Head, 

𝑁𝑃𝑆𝐻 

Discharge manometer (0.02 

bar scale) 
±0.12 m (±1.6 %) at QN 

Airborne sound pressure, 𝑝𝑎 

Brüel & Kjær 4189 free-

field microphone 

(±0.2 dB accuracy) 

±2.3% (at 0 dB) 

Dissolved air in water 
HACH LDO101 probe 

(±0.2 mg/l) 
±4.8 % 
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To obtain the NPSHr characteristic curves, the inlet pressure in the 

impeller eye is gradually reduced by closing the suction valve (loss coefficient ξS), 

thus promoting a head loss that reduces the available NPSH. At the same time, 

the flow rate is kept constant by a regulating action on the discharge valve (loss 

coefficient ξD) which allows to restore the working point after it has been altered 

by an increased slope in the resistant curve of the pumping circuit. This method 

has been preferred to the regulation of water level in the main tank (used for 

instance in [26]) due to its higher similitude with industrial pumping facilities. 

The reduction of NPSH at constant flow rate promotes a gradual loss in the pump 

head as a result of cavity development, that is then measured for each point until 

𝑁𝑃𝑆𝐻𝑟
5% is attained. Even though the water level in the tank remains constant, 

the maximum available NPSHa is reduced as flow rate increases due to linear head 

losses in the pipes. The H-NPSH characteristics are obtained for 9-10 working 

points ranging from 0.2QN to 1.7QN at a given impeller speed, the NPSHr-Q 

characteristics arising from their combination. This process is repeated at 1800 

rpm, 2100 rpm and 2400 rpm. 

 

Acoustic study. 

The cavitating behavior of the test pump has been assessed based on 

performance drop, which can be measured without the need for specific equipment 

other than the usual manometers and valves available in any facility. Acoustic 

analysis, however, is needed to obtain a more meaningful measure of the 

undergoing flow phenomena and the successive stages of cavitation development. 

Following the recommendations in [39], a free-field microphone is placed at a 

distance of 15 cm from the pump volute (tongue side) as shown in Figure 5. This 

orientation is chosen due to the good results obtained in the past and to the fact 

that the measurement area is clean from any other noise source, thus reducing 

the influence of noise coming from other elements in the facility, namely: butterfly 

valves, discharge to the main tank, electric drive or frequency variators. No 

machine other than those belonging to the test rig (including the pump-drive 

assembly and the piping) is working in the laboratory at the same time, the lights 
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are turned off and only two people conducting the experiment are present in the 

room (which, in addition, is acoustically insulated thanks to the presence of lead 

sheets in the doors). 

 

Firstly, ambient noise in the room is measured to establish a baseline to 

be later quadratically subtracted from the total noise level in order to obtain the 

acoustic pressure produced by the pump alone, that is: 

 

 𝑝𝑎
𝑃𝑢𝑚𝑝 = √𝑝𝑎

𝑇𝑜𝑡𝑎𝑙 − 𝑝𝑎
𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 (10) 

From these data, the sound pressure level at different suction conditions 

can also be subtracted from the one at noncavitating conditions so as to isolate 

the sound caused by cavitation inception alone. It must be noticed, however, that 

this last technique neglects the influence of cavity growth on the global noise 

signature, which can alter flow interactions (for instance, between the impeller 

and the volute) and hence decrease the sound pressure level. This effect is 

especially noticeable when noise absorption takes place in large cavities below the 

𝑁𝑃𝑆𝐻𝑟
3% margin. For this reason, the full noise signature 𝑝𝑎

𝑃𝑢𝑚𝑝 is being used in the 

present study. 

 

Fig. 5.- Front view of the free-field microphone setup facing the pump volute 

tongue. 
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Regarding the signal treatment, data acquisition is performed using a 

Hanning window, with exponential averaging for the FFT transformation. No 

filtering has been applied to the signal, as the frequency range of the microphone 

is already in 6.3-20000 Hz and the studied frequencies range between 350 Hz and 

10 kHz. No additional averaging has been performed, and the presented acoustic 

pressure data are measured for the raw signal after background noise removal. 

 

 

RESULTS AND DISCUSSION 

Performance study. 

Although H-NPSH curves for other rotating speeds, namely 1800 rpm and 

2400 rpm, were also obtained, only values at 2100 rpm are plotted in Figure 6 for 

the sake of simplicity (the global trends observed in the latter being also observed 

in the former). However, the three speed values will be considered hereby in a 

further analysis. In the dimensional representation from Figure 6.a comparing the 

delivered head H to the available NPSH at different working points (designated 

by the ratio between the flow rate and the nominal point flow rate), the head 

drop is smoothest when the pump works far from its design point, namely at 

Q/QN = 1.73 and Q/QN = 0.2. In these conditions, however, performance drop 

happens at higher NPSH with respect to the nominal behavior. When operating 

closest to QN, the head drop is sharpest and takes place at lower values of the 

inlet pressure. In addition, a hump-shaped head increase is spotted before the 

final performance drop at Q/QN = 1.6. This phenomenon has already been 

described in sewage pumps, see [40], but can be extended to thick-bladed (high 

solidity) and semi-axial (or mixed flow) impellers and inducers. On that kind of 

geometries, the inlet flow at the impeller eye faces a nearly axial blade 

arrangement before being directed radially towards the outlet; this is used in 

heavy duty pumps in order to increase efficiency at the expense of higher 

manufacturing costs. 
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(a)       (b) 

Fig. 6.- Dimensional (a) H-NPSH curves and non-dimensional (b) ψ-σ curves at 

2100 rpm. 

 

If the non-dimensional curve showing the variation of the head coefficient 

ψ with respect to the cavitation number σ (referred to the average impeller eye 

radial speed for non-dimensionalization) in Figure 6.b is now analyzed, an 

analogous tendency is observed. Nevertheless, it must be noted that the cavitation 

number is not merely a non-dimensional form of the NPSH but features a major 

difference lying on the consideration of only the static (and not the dynamic) 

pressure terms. 

To allow for better interpretation of the results, Figure 7 is built using the 

data in Figure 6 by gathering the values of NPSH producing a 3% head drop. The 

behavior at Q > QN exhibits the classical tendency of parabolic growth [42]. 

However, a pronounced increase in NPSHr takes place at very low flow rates. Such 

behavior is commonly observed in cavitating analysis of axial pumps [41], where 

the increase in NPSHr at flow rates far below the design point differs from the 

commonly flatter trends that distinguish centrifugal machines. The reason for this 

difference must be searched in the distinctive high-wrap-angle, near-axial inlet of 
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this impeller, that makes the low-load cavitating behavior resemble that of axial 

pumps [1] which suffer partial impeller blockage due to cavity development in the 

suction side of the blades when secondary flows are promoted by suboptimal 

attack angles [43]: the NPSHr characteristics of the EWP 80-250 pump are 

therefore similar to those of a mixed-flow machine, at least when transferring the 

air-saturated water (28.4 ppm) containing high populations of large two-phase 

bubbles that is used as working fluid in the present study. 

 

 

Fig. 7.- Performance-based cavitating characteristics of the centrifugal pump. 

 

Three operating regions can therefore be identified from the cavitating 

performance point of view, namely: 

a) Shockless flow: When functioning near the design point, flow incidence 

angle is lowest, and shock losses are reduced. What is more, negligible flow 

recirculation takes place near the blade leading edge due to the adequate 

flow guidance characterizing these working conditions. As a result, no vapor 

pockets appear until the vapor pressure is attained at the impeller eye [44], 

the head drop being abrupt at this point due to widespread vaporization of 

the inlet flow. 
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b) Suction side cavitation: Pure radial centrifugal pumps tend to suffer 

suction recirculation at the impeller inlet. It is known that as a result of 

increased flow incidence, cavities appear in the suction side of the blades 

[45]. Once this happens, streamlines tend to come near at the pressure side 

of the blades, thus improving inlet angle and reducing shock losses while 

increasing inlet speed. These factors allow the head drop to be delayed until 

cavities completely fill the blade passage. In the pump under analysis, 

however, both the near-axial inlet and the high solidity at the impeller eye 

prevent this recirculation from happening, the flow incidence angle therefore 

being increased as the working point deviates from ideal guidance. Thus, 

vapor pockets are prone to grow on the blade suction side near the leading 

edge, where pressure is lowest due to the leading-edge vortex, see [46]. 

c) Pressure side cavitation: As happens in the suction side cavitation region, 

an increase in flow incidence angle when working at off-design conditions 

promotes the creation of low-pressure pockets in the leading-edge vortex. In 

this case, vortices are found in the pressure side of the blades, thus deflecting 

incoming flow towards the suction side of the adjacent blade and decreasing 

the overall performance. This is commonly the predominant tendency in 

centrifugal pumps, in which a nearly parabolic dependence NPSHr = f(Q2) 

is followed at Q > QN while suction recirculation flattens the NPSHr curve 

in the suction side cavitation region. Otherwise, a U-shaped curve would be 

obtained. 

The described tendencies are replicated analogously when the impeller speed 

is varied. Figure 8 compares the non-dimensional cavitation characteristics at 

different rates, showing the cavitation number 𝜎𝑟
3% required to produce a 3% drop 

in the head coefficient ψ at different working points characterized by their flow 

coefficients ϕ (𝜙𝑁 = 0.039 corresponds to the design point). Although the already 

described parabolic tendency is observed for the three speeds being analysed, the 

curve slope changes significantly with a consistent tendency entailing a slope 

decrease in the suction cavitation side of the curve (at Q < QN) when impeller 



FE-25-1157   Pardo et al. 23/47 

rates are increased. In the pressure side cavitation region, however, the cavitation 

number consistently describes flow behavior at any speed.  

 

Fig. 8.- Performance-based non-dimensional cavitating characteristics of the test 

pump at variable impeller speed. 

The reason behind the increasing 𝜎𝑟 at low flow rates is the start of head 

drop at the same inlet pressure for all the rotating speeds being presented. This 

may be due to a very sharp incidence angle that promotes near-vacuum pressures 

in the suction side of blades, the NPSH required at the impeller eye being the 

same independently on rotating speed because vacuum pressure represents the 

lower bound for CP calculation in these circumstances (the cavitation number is 

certainly a variation of the CP assuming that the minimum pressure corresponds 

to 𝑝𝑉). This is, flow choking is taking place. In these conditions, significant flow 

recirculation from the impeller outlet to lower pressure regions near the eye can 

take place, hence leading to the appearance of harmful transient phenomena such 

as pump surge, see [47]. The evolution of inlet pressure corresponding to 3% head 

drop is represented in comparison to the dropping 𝜎𝑟 values at the different 

rotating speeds studied by means of Figure 9, in which the percentage variation 

of 𝜎𝑟 (choosing the value at 1800 rpm as reference) with increasing impeller rate 

is plotted for ϕ = 0.08 and ϕ = 0.03. While the required cavitation number 

experiences a 70% decrease, the required inlet pressure remains nearly constant 
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with just a 10% decrement. It shall be remarked, in addition, that vapor pressure 

cannot be reduced to a non-dimensional thermodynamic variable and therefore 

the 𝑝1 − 𝑝𝑉 margin defining the cavitation number may remain constant at 

different impeller speeds, resulting in lower values of σ as U is increased. 

 

Acoustic study. 

Figure 10 compares the sound pressure level (in dB) for the three working 

points being analyzed with the baseline noise level (ambient noise) in the 0-10 

kHz range. Background noise levels are negligible above 3 kHz when compared to 

pump noise, these high-pitch sound pressure levels being the ones preferred for 

acoustic cavitation inception detection. The SPL trend for the different working 

points coincides with both the classical, shown in [48], and the more recent studies 

in the field, see [49]. Subtraction of the background noise is considered accurate 

as long as the difference (in dB) between signals is above 3 dB [50], and the 

background noise is considered negligible above a 10 dB difference (which 

represents a halving of the energy). 

When the NPSH available at the pump inlet is reduced, the noise signature 

is altered both by the high-frequency noise produced by bubble implosion and by 

emerging flow interactions caused by cavities. The high-frequency sound pressure 

level variation with NPSH (now in more physically meaningful units of mPa 

instead of dB) is represented in Figure 11 and Figure 12 by means of a colored 

contour map in which the frequency spectrum is swept along the horizontal axis 

at different values of NPSH specified in the vertical axis, the highest sound 

pressure levels being marked in red with blue corresponding to the lowest. While 

Figure 11 focuses on the evolution of airborne sound pressure level in the range 

5-6 kHz at three different working points corresponding to Q/QN = 0.4 (Q = 45 

m3/h), Q = QN (Q = 104 m3/h) and Q/QN = 1.7 (Q = 180 m3/h), Figure 12 shows 

the spectra corresponding to the 7-8 kHz range. 

When comparing the noise signature at the three different working points 

in the range 5-6 kHz from Figure 11, it can be deduced that there exists a 
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characteristic cavitation frequency that remains invariable with flow rate and is 

identified at 𝑓𝑐 = 5250 Hz. This frequency is not related to macroscopic flow 

interactions but to fluid properties and should increase when bubble populations 

are abundant (more implosions would take place per unit time) and bubble radii 

become smaller (small bubbles have greater resonant frequencies, see [51]). It is 

therefore consistent with this definition that the sound pressure level is lowest at 

high NPSH and increases sharply up to a maximum at the highest cavitation 

damage zone corresponding to bubbly cavitation regime [1], after which bubble 

implosion rate slows down once blade cavitation begins. In fact, the sound 

pressure level starts to drop after 𝑁𝑃𝑆𝐻𝑟
1% (white continuous line in the figure) is 

reached and becomes almost zero after 𝑁𝑃𝑆𝐻𝑟
3% (white dashed line). While sharp 

sound pressure level evolution with NPSH is observed only at discrete frequencies 

in the range 5-6 kHz, it must be remarked that this evolution becomes widespread 

for nearly all frequencies between 7-8 kHz. 

 

Fig. 9.- Percentage variation of 𝜎𝑟 at low flow rates in comparison to the nearly 

constant absolute pressure 𝑝1 due to flow choking. 
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Fig. 10.- Noise level comparison between non-cavitating conditions and baseline 

noise level with the pump shut off. 

It has been shown that the NPSH producing incipient head drop can 

accurately be deduced from the airborne noise signature. Furthermore, the point 

of cavitation inception can also be deduced from the joint analysis of Figure 11 

and Figure 12. A similar behavior pattern happens at the fluid-characteristic 

cavitation frequency of 5250 Hz, airborne noise pressure remaining low until a 

value of NPSH well above the 𝑁𝑃𝑆𝐻𝑟
3% is attained at the three studied working 

points. After this, the mentioned sudden increase in noise levels takes place 

preceding a smoother decline beginning simultaneously with the onset of head 

drop. An opposite tendency is identified at 5100 Hz, where sound pressure level 

exhibits a constant value until NPSH falls below 𝑁𝑃𝑆𝐻𝑖; at this point, a sudden 

decrease happens (as can be observed at Q/QN = 0.4 and QN) which is only 

recovered after head drop is perceivable. As a consequence of the above, the 

𝑁𝑃𝑆𝐻𝑖  at Q/QN = 0.4 would correspond to 7.5 m while the 𝑁𝑃𝑆𝐻𝑖 at QN lies near 

5.2 m. Unfortunately, the 𝑁𝑃𝑆𝐻𝑖 at Q/QN = 1.7 cannot be determined as the 

available test rig does not allow values of available NPSH greater than 4 m at 

such a high flow rate and only the low-NPSH section the corresponding trends 

can be spotted in these conditions, meaning that 𝑁𝑃𝑆𝐻𝑖 is greater than 4 m for 

Q/QN = 1.7. 
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Fig. 11.-Airborne sound pressure variation with NPSH between 5-6 kHz  

at the three working points analyzed. 

 

Regarding the monotonicity of the airborne SPL evolution, it is smoothest 

at the nominal working point and sharpest at off-design conditions as a result of 

leading-edge vortex development. Once cavity nucleation begins in these low-

pressure pockets nucleated at the blade tips the flow in their vicinity is 

immediately disturbed, because of which this variation is registered by the 

airborne noise signature. When working at the near-optimal conditions of QN, 
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however, these vortices are smallest and the otherwise sudden flow perturbations 

are attenuated. 

Fig. 12.- Airborne sound pressure variation with NPSH between 7-

8 kHz at the three working points analyzed. 
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It shall also be reminded that, as can be seen in Figure 10, SPL differences 

between the three studied working points become greatest in the range 5-9 kHz, 

thus reassuring the validity of this frequency range to characterize variations of 

impeller-rate-independent phenomena in the global noise signature. From the 

comparison of airborne sound pressure evolution with NPSH at different spectral 

frequencies and working points, it can be stated that head loss is preceded by a 

decline in the high-pitch noise level. This is not limited, however, to frequencies 

greater than 5 kHz: it also takes place at the blade passing frequency (BPF) 

corresponding to 245 Hz when the 7-blade impeller rotates at 2100 rpm, as a 

result of rotating cavitation. This can be observed in Figure 13, in which the 

airborne sound pressure evolution at two different frequencies (namely the BPF 

and 5.25 kHz) is studied both at increasing and decreasing NPSH in order to take 

advantage of the hysteretic nature of cavitation. Continuous lines represent 

experimental data obtained at decreasing NPSH, while dashed lines identify 

increasing NPSH. Due to the oscillation of the fluid-dependent characteristic 

cavitation frequency with suction conditions, the figure shows an RMS-averaged 

value of the SPL centered in the frequency of interest and sweeping a 10 Hz range 

instead of the amplitude at the exact Fourier frequency. 

Regarding the BPF, smoother SPL evolution is observed with decreasing 

NPSH. At the nominal working point, the acoustic airborne pressure progressively 

increases when approaching 𝑁𝑃𝑆𝐻𝑖, attaining a peak at the same NPSH as the 

relative maximum observed for f = 5250 Hz, namely NPSH = 3 m. A sharper 

increase in 𝑝𝑎 is observed at off-design working points: SPL evolution at Q/QN = 

0.4 reaches a peak at NPSH = 4.7 m after a constant SPL tendency for NPSH > 

6 m.  At 6 m NPSH, however, the acoustic pressure rise is not as smooth as in 

the nominal working conditions, but it experiences a sudden rise instead. The 

NPSH at which these peaks are attained can thus be related to maximum erosion 

of the impeller, manifested in the form of increased airborne noise. 

For the high-load working point Q/QN = 1.7, the peak observed at BPF 

noise and 1.4 m NPSH must not be misinterpreted: it is not equivalent to the 4.7 

m peak in Q/QN = 0.4 in Figure 13 but to the late uprise described by the SPL 
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curve when NPSH approaches zero in the low-load conditions. This sound pressure 

rise taking place below 𝑁𝑃𝑆𝐻𝑟
5% at Q/QN = 0.4 and Q/QN = 1.7 denotes the onset 

of a new phenomenon, different from the previously identified ones (namely 

rotating cavitation at the BPF and travelling bubble cavitation at frequencies 

above 5 kHz) that increases pump noise when NPSH approaches zero. This event 

can be identified as pump auto-oscillation according to previous research on 

unsteady cavitation phenomena [47]. Auto-oscillation is a surge phenomenon that 

takes place when the fluid velocity field is partially reversed, thus producing 

backflow as a result of unfavorable pressure gradients arising from transient 

variations in the delivered head: when the slope of the H vs NPSH curve is steeply 

negative near performance breakdown, any variation of the inlet pressure (small-

amplitude oscillations at the blade passing frequency) causes sudden high-

amplitude oscillations in the delivered head leading to a highly transient behavior 

that undermines the structural integrity of the pump and piping introducing high-

strain rate cyclic stresses, as in [52]. This same late-rise tendency was also 

identified in [53].  

 

 
Fig. 13.- SPL evolution with both decreasing and increasing  

NPSH at f = 5250 Hz and f = BPF = 245 Hz. 
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Considering the hysteresis results, a major difference can be distinguished 

between impeller rate-dependent frequencies and fluid-dependent ones (namely 

those over 5 kHz): hysteretic behavior is significant at the characteristic cavitation 

frequency of 5250 Hz, but nearly indiscernible at the BPF. Noise at the BPF is 

mainly caused by impeller-volute interactions with the jet-wake pattern, whereas 

high-frequency sound pressure is free from these effects and captures the influence 

of cavitation bubble noise alone. In spite of this, sound pressure level at the BPF 

also registers the onset of cavitation at a slightly more developed stage in which 

cavity development alters such jet-wake pattern and hence changes the impeller-

volute interactions at the tongue (and, by definition, shock losses at the impeller 

eye are also lower in the nominal point). At 5.25 kHz, the SPL corresponding to 

the most developed stage of cavitation being attained (i.e. the lowest NPSH) is 

maintained when NPSH is raised back until the 𝑁𝑃𝑆𝐻𝑖  is overcome. This is true 

for Q/QN =0.4 and Q = QN; on the other hand, the hysteresis loop is not closed 

at Q/QN = 1.7, thus confirming that the available NPSH is lower than 𝑁𝑃𝑆𝐻𝑖 and 

showing that cavitation severity is higher at equal values of NPSH if the suction 

pressure has been decreased between both states. 

Hence, cavitation hysteresis is found to provide a double-check on 

cavitation inception. When the NPSH is reduced, the sound pressure experiences 

two well-defined stages: in first place, acoustic pressure rises as a result of discrete 

bubble explosions. However, in a more developed stage in which the NPSH is 

further reduced, the formation of macrocavities decreases the acoustic pressure. 

Therefore, when the noise signature is being analyzed in an industrial facility with 

a fixed water level and the NPSH is reduced via the suction valve, only this last 

(declining) part of the curve may be observed and thus the plant engineer would 

face the risk of mistaking the absence of cavitation for its most developed stage. 

However, if the hysteresis approach is applied, then an unclosed hysteresis loop 

provides additional evidence as observed in the Q/QN = 1.7 case of the present 

study. 

Up to this point, airborne noise evolution has been analyzed at discrete 

frequencies in order to draw conclusions about the 𝑁𝑃𝑆𝐻𝑖. However, these 
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distinctive frequencies and especially the fluid-characteristic cavitation frequency 

may vary when different machines are studied. Although they provide valuable 

information about flow features, thorough data treatment and analysis is required 

in order to identify the frequencies of interest. For this reason, a more general 

and robust measure of airborne noise-spottable cavitation inception is presented 

as a compendium of the previously discussed criteria. Due to the fact that the 

SPL above 5 kHz is specifically well-suited for cavitation characterization, the 

whole spectrum between 5-10 kHz is treated as a single waveform with RMS value 

equal to 𝑅𝑀𝑆𝐻−𝑃 following Parseval’s theorem, see [54], in order to jointly account 

for all the high-pitch effects of cavitation in the airborne noise signature, that is: 

 

 𝑅𝑀𝑆𝐻−𝑃 = √∑ (𝑅𝑀𝑆(𝑝𝑎)𝑓)
210 𝑘𝐻𝑧

𝑓=5 𝑘𝐻𝑧  (11) 

 

The evolution of this equivalent high-frequency RMS amplitude has the 

shape of a smooth S-shaped curve, as can be seen in Figure 14. Analogously to 

Figure 13, the sharp drop in SPL is preceded by a plateau of constant 𝑅𝑀𝑆𝐻−𝑃 

above 𝑁𝑃𝑆𝐻𝑖. In the range 5-10 kHz, airborne sound pressure is lowest at the most 

developed stages of cavitation and highest prior to inception, from which it can 

be inferred that fluid-borne noise is being damped by bubble compressibility. 

From a psychoacoustic point of view, this means that gradual mitigation with 

decreasing NPSH of the high-pitch noise envelope (greatest at cavitation-free 

conditions) enhances the perception of near-shaft-frequency noise that is more 

annoying for the hearer. From the observation of the high-pitch SPL evolution at 

Q/QN = 1.7 it is concluded, once again, that the required NPSH exceeds the 

maximum available one.  

Notice as well that by averaging the RMS amplitudes across such a large 

frequency range, the hysteresis effect is diluted and the 𝑅𝑀𝑆𝐻−𝑃 trends at 

increasing and decreasing NPSH overlap. At low flow rate (Q/QN = 0.4), however, 

hysteretic behavior remains and the increasing NPSH curve needs a higher inlet 

pressure (as happened in Figure 13) to equate the sound pressure measured at 
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decreasing NPSH. This observation coincides with the fact that auto-oscillation 

hysteresis, as first described by [55], is most prone to happen at low flow 

coefficients. 

 
Fig. 14.- RMS-averaged sound pressure levels in the range 

5-10 kHz for the three working points analyzed. 

 

The NPSHi values deduced for the three working points analysed are 

plotted in Figure 15 together with the NPSHr obtained under the 1%, 3% and 5% 

criteria. As expected, the 1% criterion is closest to the NPSHi curve; however, it 
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is still advisable to use the 𝑁𝑃𝑆𝐻𝑟
3% due to its lower uncertainty and widespread 

use. The 5% head drop curve is the flattest, and offers the least information about 

flow behaviour, although it can be used to specify a safety margin intended to 

avoid potentially dangerous events such as auto-oscillation. The safety margin of 

operation, defined as the ratio between the NPSH at which the pump should work 

in order to avoid the appearance of any cavitation phenomena and the 𝑁𝑃𝑆𝐻𝑟
3%, 

would be equal to 3.22 at Q/QN = 0.4 and 3.21 at QN, both values being 

significantly over the 1.1 ratio recommended in ANSI 9.6.1-2012 for water 

transport applications. The global shape of the presented 𝑁𝑃𝑆𝐻𝑖 curve is merely 

illustrative in the pressure side cavitation zone, in which the 𝑁𝑃𝑆𝐻𝑖 has been found 

to lie well above 3.5 m but could not be determined due to test rig limitations; 

an asymptotic representation is therefore depicted at Q/QN = 1.7. 

 

 
Fig. 15.- Comparison between NPSHi and NPSHr at different 

working points using the 1%, 3% and 5% criteria. 
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CONCLUSIONS 

In this article, a new approach has been adopted towards airborne noise 

signature assessment of cavitation inception in centrifugal pumps, using sound 

pressure level evolution with NPSH at different working points. The study is 

based on a commercial centrifugal pump with an axial inlet and high blade wrap 

angle. Special attention has been paid to the hysteretic nature of cavitating flows 

in turbomachinery in order to take advantage of the hysteresis loop closure for a 

more accurate NPSHi estimation. Summation of RMS-averaged high-pitch 

pressure oscillations is also proposed as a robust parameter to characterize the 

cavitating flow in a centrifugal pump. Data treatment could be automated and 

sped up by training a neural network with inception and head drop data gathered 

from different pumps transferring working fluids of variable nature and bubble 

composition, with the purpose of developing a cavitation assessment app or 

software. 

Non-destructive testing by means of an inexpensive method has been 

carried out without the need for drilling holes in the pump casing or exposing the 

integrity both of the pump and microphone. The cavitation characteristics of an 

axial inlet centrifugal pump have been experimentally determined and discussed, 

revealing an axial-like behavior in the suction side region of the NPSHr curves 

that differs from that observed in most centrifugal impellers: hence, it must be 

taken into account that the choice of such design feature will influence not only 

flow guidance and efficiency but also worsen cavitation performance at flow rates 

below the design point. In addition, transient phenomena such as auto-oscillation 

may compromise the integrity of either the impeller, the sealing or the coupling 

resulting from the appearance of unpredicted forces.  

The evolution of the dimensionless cavitation performance curves has 

shown the limited ability of the cavitation number (σ) to characterize 

theoretically similar working points when the impeller rate is varied. Appearance 

of near-vacuum areas in the blade passage caused by the leading-edge vortex at 

extreme flow incidence angles (taking place in the suction side cavitation region, 

due to the special inlet geometry with high blade wrap angle of the test pump) 
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represents a lower bound for pressure in non-dimensional basis, the cavitation 

number hence increasing with decreasing speed while the pressure margin 𝑝 − 𝑝𝑉 

remains constant. This is, the flow is choked in these conditions. Nevertheless, 

the coincidence of the 3% head drop for the cavitation number at the best 

efficiency point for the three speeds tested shows that its validity still holds if 

properly interpreted. 

Empirical NPSH margins intended to avoid cavitation in the design of 

pumping facilities should also be carefully applied by considering the influence of 

the working fluid properties (mainly air content and bubble population 

distribution) and the fluid temperature in the specific application. If safety 

margins are improperly chosen, there exists a risk of forcing the machine to work 

in its maximum erosion conditions. Analytic corrections like the one developed in 

[51] could be applied to the NPSHr curves provided by pump manufacturers to 

correct the effect of initial air entrainment and pre-existing bubbles. 

Some possible pathways for future studies arising from the presented 

results include CFD simulations of the test pump for broader knowledge of the 

unsteady impeller-volute interaction producing the airborne noise at BPF, 

acoustic modelling of fluid-borne cavitation noise and extension of the 

experimental campaign to different pump sizes and geometries. What is more, a 

detailed insight into the mechanism of impeller blockage at low flow numbers in 

axial inlet pumps can be useful in order to provide optimum design guidelines 

regarding cavitation and pump startup. In the same vein, a joint computational 

and experimental study of auto-oscillation would be helpful to widen the operation 

range and increase the service life of hydraulic machinery subjected to 

intermittent operation. Finally, a study on the influence of bubble population 

distribution on cavitating behavior would also be useful to establish the bounds 

of confidence interval for NPSHr  safety margins. 
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Nomenclature  

Roman letters  

[𝐶]𝑂2
 Oxygen mass concentration in air dissolved in water (non-

dimensional) 

𝑓 Frequency (Hz) 

𝑓𝑐 Characteristic frequency (Hz) 

𝑔 Standard gravity (m/s2) 

𝐻 Pump head (m)  𝐻 =
𝑝𝐷−𝑝𝑆

𝜌𝐿 𝑔
+

𝑉𝐷
2−𝑉1

2

2 𝑔
+ 𝑍𝑝𝐷

− 𝑍𝑆 

𝑛𝑆 Pump specific speed (non-dimensional) 𝑛𝑆 =
𝜔√𝑄

(𝑔𝐻)3/4
 

𝑝 Static pressure (Pa) 

𝑝𝑎 Airborne sound pressure (mPa) 

𝑝1 Impeller eye static pressure (Pa) 

𝑝∞ Local static pressure far from the bubble (Pa) 

𝑝𝐷 Discharge pipe pressure (Pa) 

𝑝𝐺 Compressible gas partial pressure (Pa) 

𝑝𝐺,0 Compressible gas partial pressure (Pa) when 𝑅 = 𝑅0 

𝑝𝑆 Suction line pressure (Pa) 

𝑝𝑉 Vapour pressure (Pa) 

𝑄 Flow rate (m3/s) 

𝑄𝑁 Nominal point flow rate (m3/s) 

𝑅 Bubble radius (m) 

𝑅0 Initial bubble radius (m) when 𝑝𝐺 = 𝑝𝐺,0 

𝑅𝑒𝑞 Bubble equilibrium radius (m) 

𝑅𝑀𝑆𝐻−𝑃 RMS addition of the high-pitch sound pressures (mPa) 

𝑆 Surface tension (N/m) 
𝑠𝐿𝐷𝑂 Liquid dissolved oxygen solubility in water (mg/l) 

𝑡 Time (s) 

𝑇 Temperature (°C) 

𝑢 Typical uncertainty 

𝑈1 Impeller eye tangential velocity (m/s) 

𝑈95 Expanded uncertainty (95% confidence level) 

𝑣 Specific volume (kg/m3) 

𝑉1 Impeller eye inlet velocity (m/s), suction pipe average flow 

velocity 
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𝑊𝑏 Homogeneous bubble nucleation work (W) 

𝑊𝑐 Nucleation work (W) of a bubble in a crevice 

𝑍𝐷 Discharge line height (m) 

𝑍𝑝𝐷
 Discharge pressure gauge height (m) 

𝑍𝑆 Suction line height (m) 

Greek letters  

χG Air mass fraction in water (ppm) 

δ Crevice sharpness angle (º, deg) 

ϕ Flow coefficient (non-dimensional) 𝜙 =
𝑄

𝜋

2
 𝑏2 𝐷2

2 𝜔
 

γ Heat capacity ratio (non-dimensional) 

ω Impeller rate (rad/s) 

ψ Head coefficient (non-dimensional) 𝜓 =
𝑔 𝐻

1

2
 𝜔2 𝑅2

2
 

σ Cavitation number (non-dimensional) 𝜎 =
𝑝1−𝑝𝑉

1

2
 𝜌𝐿 (𝜔 𝑅𝑇,1)

2 

σi Inception cavitation number (non-dimensional) 

σr Required cavitation number (non-dimensional) 

θ Solid-liquid contact angle (º, deg) 

μL Dynamic viscosity (Pa·s) 

ρL Liquid density (kg/m3) 

ξD Discharge valve loss coefficient (non-dimensional) 

ξS Suction valve loss coefficient (non-dimensional) 

Acronyms  

BPF Blade Passing Frequency 

CFD Computer Fluid Dynamics 

FFT Fast Fourier Transform 

GUM Guide for Uncertainty Measurement 

𝑁𝑃𝑆𝐻 Net Positive Suction Head 

𝑁𝑃𝑆𝐻𝑎 Available NPSH 

𝑁𝑃𝑆𝐻𝑖 Inception NPSH 

𝑁𝑃𝑆𝐻𝑟
𝑑% 

NPSH required attending to a d% head drop criterion (3% if 

not specified) 

PIV Particle Image Velocimetry 

RP Rayleigh-Plesset 



FE-25-1157   Pardo et al. 47/47 

RMS Root Mean Square 

SPL Sound Pressure Level 

 


