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ABSTRACT 
In this paper a new method for the determination of the 

tensile strength in combination with the underlying distribution 
of free cavitation nuclei is presented. This method is based on 
the advancement of the in-situ-measuring of the tensile strength 
by means of the so-called “in-situ-nozzle” originally presented 
at the CAV2006 Symposium [11]. The in-situ-nozzle works as a 
cavitation susceptibility meter that is based on the venturi 
principle [8]. In contrast to several previously presented 
cavitation susceptibility meters the in-situ-nozzle can be used to 
measure the tensile strength “in-situ” i.e. directly within a 
hydraulic pipe, without the need for any bypass connections. 
Consequently the in-situ-nozzle serves as a measuring device 
for the detection of the tensile strength at basically any position 
within a hydraulic circuit. The adjacent analysis method that 
has been developed to evaluate the collected data allows for 
providing additional information on the freely distributed 
cavitation nuclei in an operating test installation. For this 
purpose the measured tensile strength is associated with the 
critical size of gas bubbles acting as cavitation nuclei. 
Following this approach it is possible to give an approximation 
of the currently existing nuclei size distribution respectively the 
nuclei concentration at the mounting position of the in-situ-
nozzle. By installing two identically constructed in-situ-nozzles 
in a centrifugal pump test rig the tensile strength and the nuclei 
concentration at two positions with different boundary 
conditions are determined. One nozzle is mounted directly 
upstream of the test pump, whereas the other one is installed in 

the pressure pipe downstream of the pump. This is done first of 
all, to examine the capability of the measuring device of being 
sensitive enough for a change in the boundary conditions in 
general. If this is verified, the two nozzles can be adopted to 
particularly investigate the influence of specifically chosen 
operating points of the test pump on the tensile strength as well 
as on the underlying nuclei concentration. 

INTRODUCTION 
It is well known that freely distributed particles within a 

liquid serve as nuclei for bubble cavitation. Mostly these 
particles are small gas bubbles, frequently also termed nuclei, 
with a typical size range of a few microns up to a couple of 
hundred microns (see e.g. [3]). They act as cavitation seeds at 
which the evaporation of the surrounding liquid can occur. In a 
pure liquid where no nuclei are present at all, the minimum 
pressure to which the fluid could be exposed to without the 
occurrence of cavitation theoretically would tend to very high 
negative values [3], since the sites for evaporation to start at 
would be missing. Thus Briggs for example managed to 
measure tensile strengths of up to several hundred bars [4]. The 
actual value of the tensile strength of the liquid i.e. the 
difference between the thermodynamic vapour pressure and the 
static pressure provides a measure to quantify the tendency of 
the liquid with regard to cavitation inception. 

As in most of the cases the cavitation nuclei are formed by 
gas existing in the surrounding liquid, the gas content of the 
liquid plays an essential role for the formation of the nuclei size 

License: This work and the related PDF file are licensed under a Creative Commons Attribution 4.0 International License.



2

distribution. Thus in the course of experimental investigations 
on cavitation it should always be measured as well. Concerning 
water, this content of dissolved gas, which will predominantly 
be air and the tensile strength are often summarized and then 
referred to as the water quality. 

The onset of cavitation in a centrifugal pump as well as its 
head drop behaviour strongly depends on the contemplated 
properties of the fluid. Hence there is a great demand for a 
consistent way of also quantifying the water quality in a 
hydraulic installation, in order to obtain reliable information on 
the probability for the occurrence of cavitation at certain 
operating points. Moreover a standardised method for the 
determination of the water quality would form a convenient 
way to properly compare the state of the water with respect to 
cavitation in different hydraulic installations. This also includes 
the assignment of the fluid properties in a test rig to the 
subsequent operating conditions in the real hydraulic 
installation. With the in-situ-nozzle along with the adjacent 
evaluation process and in combination with a simultaneous 
indication of the content of the dissolved air a new measuring 
device for assigning the water quality in an operating pump test 
rig is introduced. 

EXPERIMENTAL SET UP 
The set up for the experimental investigations consists of 

the in-situ-nozzle system including two in-situ-nozzles and a 
closed loop centrifugal pump test rig. A schematic of the 
complete test installation is shown in figure 1. The explicit 
setup and functionality of the subsystems are described in detail 
within this section.  

Test rig installations 
The test rig can be operated in two loop configurations in 

order to change the fluid volume and hence the residence time. 
The total volume including the respective separation tank 
(B001 and B002 in figure 1) and pipe arrangement is 
approximately 8.8 m³ for the long circuit and about 2 m³ for the 
short circuit. That yields to a mean residence time of about 4 
minutes for the long circuit and 32 seconds for the short circuit, 
both referred to the optimal operating point of the test pump. 

The radial centrifugal pump has a specific speed of 
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At its optimal operating point and when actuated with water it 
delivers a hydraulic head of 28 m at a flow rate of 125 m³/h and 
a rotational frequency of 1750 rpm. For the purpose of 
cavitation observations within the blade channels the front 
panel of the impeller as well as the upstream section of the 
suction pipe are made of acrylic glass and will be subsequently 
referred to as the visibility section. As illustrated in figure 1 the 
two loops of the test rig share one pressure pipe that includes 
two separate throttle valves, both of which can be used to adjust 
the flow rate (positions 3 and 4 in figure 1). Furthermore there 
is a mobile vacuum pump available that can be easily attached 

to the separation tank of the circuit currently in operation, in 
order to regulate the value of 
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at the suction side of the test pump. 
The pressure gauges for the calculation of the hydraulic 

head of the test pump are located at the inlet of the visibility 
section approximately 4 cross-section dimensions upstream of 
the pump inlet and in the pump casing respectively. Resulting 
from a special casing design the velocity at the outflow of the 
pump cannot be measured and hence the hydraulic head is 
calculated by 
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in which p1 and p2 are the static pressures at the two given 
locations (positions 1 and 2 in figure 1). 
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Figure 1: Schematic illustration of the centrifugal pump test 
installation 

In-situ-nozzle 
The whole system of the in-situ-nozzle is subdivided into 

the nozzle itself, the suction unit and the controlling software. 
Advancements of the system within the recent years mainly 
apply to the suction unit and to adaptations of the controlling 
software, whereas the construction of the in-situ-nozzle remains 
nearly unchanged. Apart from that the measuring task of the in-
situ-nozzle has been enhanced from merely measuring the 
cavitation susceptibility to also providing a measure for the 
underlying nuclei concentration inside an operating test pump 
installation. In connection with that a second construction of 
the in-situ-nozzle was manufactured, in order to install two 
nozzles at different locations of the test rig at the same time. 
The nozzles itself have identical geometry, only the cross-
sections of the suction pipes are slightly different. As it will be 
seen from the subsequent remarks on the arrangement of the 
instrumentation respectively the measuring principle, this of 
course will not have any effect on the performance or rather the 
comparability of the two nozzles. 



 
 

 3  

Figure 2 shows the cross-section and the main dimensions 
of the nozzle part and figure 3 illustrates the mounting situation 
of the in-situ-nozzle within a pipe of circular cross-section. 
However, due to the fact that the in-situ-nozzle is mounted 
through a simple borehole it can also be installed inside a pipe 
of rectangular cross-section without any problems.  
 

 
Figure 2: Cross-section of the nozzle part of the in-situ-nozzle 

system 
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Figure 3: Installation position of the in-situ-nozzle within a pipe 

of circular cross-section 

 
The suction unit consists of a tank with a volume of about 

120 litres, a vacuum pump and two electromagnetic 
proportional valves identical in construction. The suction pipes 
of the in-situ-nozzles are each connected to the basin via a 
flexible tube that includes the particular proportional valve. The 
tank in turn is connected with the vacuum pump by a tube that 
is fixed at its top cover. The vacuum tank itself is placed in a 
shed underneath the test rig so that the alignment of the hose 
pipes in the cap of the vacuum tank is at a level of 
approximately 2.2 m below the suction pipe of the test rig. 
During the preparation phase of the experiments the tank is 
evacuated by the vacuum pump to an absolute pressure of about 
70 mbar. With the objective of providing a nearly constant 
suction pressure inside the tank, the vacuum pump is kept 
running during the experiments. 

Measuring principle 
The measuring of the tensile strength is based on the 

venturi principle. A flow of liquid is conducted through the in-
situ-nozzle and continuously increased until first occurrences of 
cavitation are obtained in the minimal cross-section. This is 
detected acoustically by an impact sound sensor attached to the 
external wall of the suction pipe of the nozzle as indicated in 
figure 3. By synchronously determining the static pressure in 

the minimal cross-section p∞, the tensile strength of the liquid is 
defined as 
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It is known from numerous investigations that pressure 

taps in the surface of a solid wall can induce cavitation as they 
serve as residing places for cavitation nuclei (see e.g. [2]). 
Hence a hole in the inner wall of the in-situ-nozzle at the cross-
section of the minimum static pressure, i.e. the throat of the 
nozzle, could lead to a greater occurrence of cavitation or move 
the limit of cavitation inception to a higher pressure. Since this 
would inevitably lead to a detection of smaller values of the 
tensile strength, the pressure in the minimal cross-section 
cannot be determined in this kind of way. Consequently it is 
necessary to ascertain this pressure in an indirect manner. Thus 
the static pressure is measured in the diffuser of the nozzle 
where it is backward above the vapour pressure again and 
hence an influence on the measuring result through the pressure 
gauge itself is highly improbable. The required pressure in the 
nozzle throat is then obtained by a backward calculation that is 
based on the correlation between the pressure in the minimal 
cross-section, the flow rate and the measured pressure in the 
diffuser, which has been preliminary identified through CFD 
calculations. 

As the extracted volume flow is needed to calculate the 
static pressure in the minimal cross-section it is automatically 
incorporated in the determination of the tensile strength through 
equation (4). That means any fluctuations in the signal 
representing the flow rate might have a significant effect on the 
results obtained. Thus it is essential to assign the flow rate with 
the highest accuracy accessible to account for the dynamics 
resulting from the continuous increase of the extracted flow. 
This is achieved by determining the flow rate indirectly from 
the pressure difference between a second gauge in the suction 
pipe and the gauge in the diffuser of the nozzle. For this 
purpose the relation between this pressure difference and the 
flow rate is obtained in a preliminary calibration process. 
Clearly this correlation is only valid as long as there is no 
occurrence of advanced cavitation, as that would cause a strong 
increase in the pressure losses. 

The enhanced scope of operation of the in-situ-nozzle as a 
measuring device not only for tensile strengths but also for the 
concentration of cavitation nuclei is associated with the 
assumption that the incidence of the tensile strength is 
equivalent to the explosive growth of these nuclei. This in turn 
means that the static pressure of the liquid in the vicinity of 
such a cavitating nucleus must be low enough for it to become 
unstable. To evaluate the size of a specific nucleus it is further 
assumed that the nuclei are always bubbles of spherical shape 
consisting of both a condensable and a non-condensable gas, 
namely being the vapour of the surrounding liquid and 
undissolved air respectively. The equilibrium radius of the 
bubble is determined by the balance  
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where p∞ is the pressure in the surrounding of the bubble. The 
left side of (5) is the sum of the partial vapour pressure pv(T∞) 
and the partial pressure of the air. Transposing equation (5) 
gives the expression for the subsequent calculation of the 
equilibrium bubble radius 
 

    ( ) .0
4

TRm3
RS2R)T(pp gg2

E
3
Ev =

π
−+− ∞

∞∞         (6) 

 
In order to determine the size of a specific bubble it is 
necessary to connect the ascertained tensile strength with the 
bubble radius. This is achieved by defining the incidence of the 
tensile strength to be the instant at which a bubble of a 
particular initial size exceeds its critical radius. This is 
equivalent to the conclusion that the static pressure in the 
vicinity of the bubble is equal to the critical pressure of the 
bubble: ∞∞ = .critpp . By now taking Blake’s expression for the 
tensile strength  
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and therein replacing the critical bubble radius with the Blake 
radius [1] 
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an equation for the calculation of the mass of the bubble subject 
to the measured tensile strength is obtained. 
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Here the polytropic exponent is usually assumed to be one, 
which implies isothermal behaviour of the air in the bubble and 
reduces equation (9) to 
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Beyond this, an approach to account for the time behaviour of 
the gas inside a cavitation bubble is presented in [9]. Once the 
bubble mass is known the value of the critical radius can be 
calculated using equation (8). 

With the assumption that the incidence of the tensile 
strength is ever aroused by a single cavitating bubble/nucleus, 
the approach described above can be used to identify the size 
and hence the concentration of cavitation nuclei at the 
mounting position of the in-situ-nozzle. As the bubbles grow 
due to the pressure drop between the nozzle inlet and its 
minimal cross-section, the critical bubble radius associated with 
a single cavitation event must be calculated back to the initial 
bubble radius at the inlet of the nozzle. Assuming that mass 
diffusion during the residence time inside the nozzle is 

negligible, it is sufficient to know the static liquid pressure at 
the inlet of the nozzle rather than knowing the entire pressure 
history between the inlet and the minimal cross-section. The 
magnitude of the diffusion time can be estimated with the 
equation  
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in which D is the diffusion coefficient due to molecular 
diffusion of air in water (~1e-9 m²/s for room temperature). For 
a bubble with a typical initial radius of 10 µm that yields to a 
diffusion time in the range of 0.1 seconds. Given the typical 
residence time of a bubble between the inlet and the smallest 
cross-section of about 4 milliseconds the diffusion time is two 
orders of magnitude longer than the residence time and hence 
the assumption of diffusion to be insignificant is appropriate. 
Apart from that it is intended to refine the model by allowing 
for diffusion based on a turbulent diffusion coefficient given by 
G. I. Taylor in the future. 

Following the above reasoning, the initial bubble radius at 
the inlet of the in-situ-nozzle can be calculated with the static 
equilibrium equation (6) by inserting the static pressure at the 
nozzle inlet and the bubble mass obtained from equation (9). 
The whole procedure of attaining the initial bubble radius from 
the measured tensile strength is demonstrated again in figure 4. 
 

.critR

.measp

Q
∞.critp

ER
.critR

.measp

Q
∞.critp

ER

 
Figure 4: Growth of a cavitation bubble along a path line 

between the inlet and the throat of the in-situ-nozzle where it 
becomes unstable. 

 
The above introduced way of determining the size of single 

cavitation bubbles/nuclei and hence the nuclei concentration 
requires several specifications on the experimental procedure. 
Since each single event of cavitation i.e. each single value of 
the tensile strength is always associated with only one 
cavitation bubble of a specific minimal radius, it is necessary to 
deliberately generate as many single cavitation events as 
possible, in order to assure an appropriate resolution of the 
actual bubble concentration. Moreover, as the size of the 
detectable bubbles changes with the extracted volume flow, this 
needs to be varied in a potentially broad domain to maximize 
the size range of the measurable nuclei. As a matter of course 
the applied procedure has to be adapted to several restrictions 
resulting from the limited capacity of the vacuum tank, the 
measuring time, the used measuring board and the operating 
conditions of the test installation, to mention the most 
important constraints. Therefore the measurements have to be 
carried out as described in the following. The determination of 
the actual tensile strength respectively the concentration of the 
entire bubble/nuclei size range actually consists of a series of 
single measurements. In each of these single measurement runs 
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the flow rate is increased between certain limits. These always 
need to be chosen in a way that the static pressure in the throat 
of the nozzle certainly drops below the vapour pressure during 
the measurement interval, for real vapour cavitation to can 
occur. Therefore at first the limits of the raise of the extracted 
flow rate are set to adequate values for the initial flow rate to be 
lower and the final flow rate to be higher than the minimum 
volume flow rate needed to undercut the vapour pressure in the 
minimal cross-section. This ensures that the largest nuclei are 
detected first. This process is repeated several times until 
sufficient cavitation events have occurred to form a 
representative average value of the tensile strength and to attain 
a high enough resolution of this first part of the total nuclei size 
range. Experience has shown that this is achieved with 
reasonable accuracy in the most critical cases after five single 
measurement runs. Subsequently the limits for the increase of 
the flow rate are shifted to a higher range to account for the 
smaller nuclei existing at present. This again is repeated just as 
many times as it has been done for the first range of the volume 
flow. As the case may be, the procedure is applied to a still 
higher range of the flow rate, in order to detect even smaller 
nuclei. However, the necessity for doing so strongly depends on 
the current operating point of the test rig. By merging all 
conducted measurement runs of the adjusted volume flow 
regions the complete nuclei size range is composed. Before 
exemplifying the exact procedure for this, a typical result of a 
single measurement run is plotted in figure 5. The displayed 
time signals show an explicit example of the first range of the 
extracted volume flow elevation, as the throat pressure at the 
beginning of the increase is far above the vapour pressure. After 
about two seconds the throat pressure drops below the vapour 
pressure and from that time on real cavitation events can occur. 
The circled intervals of the acoustic signal show the 
characteristic peaks of these single cavitation events, six of 
which can be clearly distinguished here. 
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Figure 5: Resulting time signals of a single measurement run 

(amplified acoustic signal in volts, flow rate in 1e1 l/min, throat 
pressure and vapour pressure in bar) 

 
The procedure of deriving the nuclei size distribution from 

a series of measurement as it has been introduced so far is 
naturally based on the overall assumption that the nuclei 
concentration does not change in time during the period needed 
for the measuring. Furthermore the fluid sample being 

investigated at a certain time inside the nozzle must be 
representative for the state of the fluid at the mounting position 
outside the nozzle. One reason for this is the fact that the tensile 
strength is subject to a certain variation, which in turn is due to 
the statistical distribution of the underlying nuclei. This can be 
seen in figure 6 which shows the calculated values of the 
tensile strength for a whole series of measurement. The range 
of the captured values reaches from more than 0.08 MPa to 
even negative values, which are equivalent to events of pseudo 
cavitation. In terms of the nuclei these negative values of the 
tensile strength represent large bubbles that become unstable 
above the vapour pressure. 
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Figure 6: Calculated values of the tensile strength from a series 

of measurement with a total number of 15 single test runs 
 

The method for the determination of the nuclei size distribution 
in terms of the bubble concentration at the inlet of the in-situ-
nozzle is subdivided into four steps of calculation. The first step 
consists of the calculation of the tensile strength from the 
merged set of all single measurement runs belonging to a series 
of measurement, like it has also been done for the diagram in 
figure 6. Accordingly the associated bubble radii are calculated 
as it was described before. Resulting from the continuous 
increase of the extracted flow rate the bubble radius is a 
function of this 
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The radii are chronologically charted in a table which 
additionally contains the actual number of the measurement 
run, as well as the point in time with respect to the particular 
run at which the relative cavitation event was detected, and the 
underlying value of the tensile strength. This information is 
needed for the subsequent calculation of the bubble 
concentration. In the next step the matrix is sorted according to 
the bubble radius. Then the concentration of each nucleus is 
calculated with the equation 
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in which the numerator represents the variation of the number 
of events and the denominator marks the volume that has been 
extracted through the nozzle since the previous single event  
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It is important to note here that due to the measuring 

principle the variation of the number of events in the numerator 
always has to be unity. This is with regard to the fact that the 
acoustic signal does not provide information about the exact 
location inside the nozzle at which a detected cavitation event 
has occurred. As a matter of fact a detected event could have 
occurred at any position between the nozzle inlet and its throat 
at which the static pressure is low enough for the respective 
bubble to become unstable. Since the pressure is continuously 
decreasing between the nozzle inlet and the minimal cross-
section, the exact size of the bubble cannot be determined. 
Consequently by applying the described method of equalizing 
the static pressure in the nozzle throat with the critical pressure 
of a currently detected bubble the calculated radius of this 
bubble always has to be considered as the minimum possible 
radius. It will be seen from the results presented in the next 
section that this implies important consequences for the 
resulting bubble/nuclei concentration. The way of calculating 
the single concentration values with equations (13) and (14) is 
pictured schematically in figure 7. It shows a characteristic 
curve of the continuous increase of the volume flow and five 
randomly set single events as well as the related bubble radii. In 
this case only the three numbered dots represent events that can 
be incorporated in the evaluation process. This is because Qi 
denotes the minimum flow rate needed for cavitation inception 
in the throat of the nozzle and thus the first event of real vapour 
cavitation is the second one. That again means the first event 
that can be clearly associated with a single concentration value 
calculated with equations (13) and (14) is the overall third one.  

 

1
2

3 )t(Q

2VΔ1VΔ 3VΔ
iQ

it

…

1R
2R
3R

t)Q(R

1
2

3 )t(Q

2VΔ1VΔ 3VΔ
iQ

it

…

1R
2R
3R

t)Q(R  
Figure 7: Procedure of calculating the single values of the 

concentration from the time signal of the extracted volume flow 
and the detected single events with the associated bubble radii 

RESULTS 
As it was mentioned in the first section two examples of 

the in-situ-nozzle are used for the experiments to be able to 
measure the tensile strength at two different locations within 
the running test installation. This is done in order to examine 
mainly two things about the underlying nuclei size distribution. 

The first objective is to collect information about the nuclei size 
distribution at different positions within a hydraulic circuit. 
This is related to the fact that the bubble radius is a function of 
the current liquid pressure and hence the bubble size 
distribution differs between the different line sections of the 
circuit. The second thing of interest is to obtain further 
knowledge about the influence of the operating conditions of 
the test installation on the nuclei size distribution. These two 
ambitions make different demands on the exact experimental or 
rather the evaluation procedure in terms of the appropriate 
pressure with which an obtained nuclei size distribution has to 
be scaled.  

The two measuring positions selected here are the visibility 
section and the pressure pipe proximately upstream and 
downstream of the test pump (see positions 5 and 6 in figure 1). 
If pursuing the first of the above objectives the corresponding 
static pressures at these locations have to be determined. For 
the nozzle on the suction side the same gauge as the one taken 
for the detection of the pump inlet pressure is used (position 1 
in figure 1). In contrast to this, due to its exact mounting 
position the inlet pressure of the in-situ-nozzle on the pressure 
side is different from the one in the pump casing and hence an 
additional pressure gauge was installed in the accordant section 
of the pressure pipe (position 2 in figure 1). In the second case 
of being primarily interested in the comparison of the nuclei 
size distributions at the two measuring positions respectively 
the influence of the operating conditions the reference pressure 
for the scaling of the bubble radii is taken to be atmospheric 
pressure. 

In order to verify the operability of the in-situ-nozzle as a 
measuring device that can be used to determine the nuclei size 
distribution the test rig was always assured to run at steady 
conditions. For this purpose the test pump was adjusted to its 
design point and the suction pressure was reduced to a value of 
about 50% atmospheric pressure. Though this was done to 
provide the appropriate boundary conditions to get preferably 
many cavitation events inside the in-situ-nozzle the chosen 
pressure value excluded the test pump from cavitating itself. 
Figure 8 shows the resulting nuclei concentration chart of such 
a test series, which by consisting of 15 single test runs follows 
the measuring procedure explained in the previous section. As 
the way of calculating the bubble radius inevitably leads to as 
many distinct radii as the number of single events that have 
been detected, it is reasonable to calculate mean values of the 
concentration by grouping the events in appropriate classes of 
radii as it is done in figure 8. It can be seen that the size range 
of the detected bubbles reaches from nearly 200 µm down to a 
couple of microns and thus the observed nuclei are situated in 
about the same order of magnitude as it has been variously 
determined with other measuring techniques (e.g. [7], [10] and 
figure 9). In addition by dividing the values of the 
concentration in figure 8 by the typical bubble radius of 10 µm 
the resulting number density distribution ranges in the same 
order of magnitude as it was observed by LIU and BRENNEN. 
However, the concentration values in figure 8 do not increase 
for a decreasing bubble radius as it is the case when integrating 
the number density distributions seen in figure 9 with respect to 
the bubble radius to obtain the bubble concentrations. One 
reason for this could be the fact that the usage of the in-situ-
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nozzle solely accounts for bubbles that act as real cavitation 
seeds and that all other types of particles do not contribute to 
the calculated nuclei concentration. In this context it also has to 
be noted that the content of the dissolved air during the 
measurements was only about 25 % saturation and hence the 
nuclei concentration must be expected to be very low. Another 
possible reason for the ascertained discrepancy is the already 
alluded blurring of the calculated value of the bubble radius, 
which can eventually lead to partially wrong allocated values of 
the concentration. Though these possible causes should be 
further investigated, for example by deliberately injecting 
uniformly sized nuclei directly in front of the nozzle inlet, there 
are also results obtained with other measuring techniques that 
look quite similar to the one presented in figure 8. Figure 10 for 
example shows a comparison of the bubble concentration chart 
from figure 8 with those obtained with the Acoustic Bubble 
Spectrometer® (ABS) [6] and with Phase Doppler Anemometry. 
Though the corresponding measurement data was collected in 
three different test installations the water was similarly 
conditioned in all three cases. It is seen that both the nuclei size 
range and the order of magnitude of the concentrations do 
coincide with each other quite well. Also none of the three 
concentration charts is monotonically increasing with a 
decreasing radius. 
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Figure 8: Bubble concentrations on the suction side of the 

running test pump at 0.45 bar pump/nozzle inlet pressure. This 
corresponds to an operating point of the test pump free of 
cavitation. The bubble radii are scaled with a static pressure of 
1 bar.  
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Figure 9: Collection of several number density distributions in 

variously conditioned water, determined with different 
measuring techniques (taken from SAUER [11]). 
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 in-situ-nozzle
ABS: Brunn (2006)
PDA: Weitendorf (2009)

 
Figure 10: Bubble concentrations determined with the three 

different measuring principles in-situ-nozzle, Acoustic Bubble 
Spectrometer® (taken from [5]) and Phase Doppler 
Anemometry (taken from [13]) all conducted in degassed water. 
The in-situ-nozzle measurements were conducted on the 
suction side of the running test pump at 0.45 bar pump/nozzle 
inlet pressure, which corresponds to an operating point of the 
test pump free of cavitation. The resulting bubble radii are 
scaled with a static pressure of 1 bar.  

 
To further examine the capability of the measuring system 

of giving an approximation of the nuclei size distribution the 
pump inlet pressure/nozzle inlet pressure was reduced in order 
to change the nuclei size distribution. Figure 11 shows the 
accordant results for three different pressure values. Again the 
content of the dissolved air was at about 25 % saturation and a 
steady state was awaited before beginning with the respective 
series of measurement. It is seen that a reduction of the pressure 
at the mounting position and hence a stimulation of the growth 
of the nuclei does not lead to an increase in the detected radii or 
rather the calculated concentrations. This suggest the 
assumption that either the real nuclei size distribution was not 
varied as much as it was intended or that the in-situ-nozzle is 
not sensitive enough to detect a change in the nuclei size 
distribution. The latter one can be disproved by means of figure 
12, which shows the nuclei concentrations on the pressure side 
of the test pump measured with the second in-situ-nozzle 
mounted in the pressure pipe. The two pressures indicated here 
bear on the pump inlet pressure which in turn correspond to 
states free of cavitation and of about 20 % head drop 
(p1 = 0.15 bar) respectively. In an operating point with a head 
drop of 20 % the blade channels are subject to large coherent 
vapour regions which according to experience should lead to 
firstly an increase of the concentration of the nuclei already 
present and secondly to a generation of new nuclei. Both effects 
can be seen in the graph. In order to also compare these results 
to those on the suction side of the pump the bubble radius is 
scaled to atmospheric pressure. By doing so it is found that the 
largest nuclei on the pressure side are not less then two orders 
of magnitude smaller than the ones on the suction side. Note 
that this is also the reason for choosing a linear scale of the 
abscissa in figure 12. Since both in-situ-nozzles are identical in 
construction and the measurements were conducted in exactly 
the same way, the nuclei must be subject to a significant 
shrinking due to diffusion of air from the nuclei into the 
surrounding liquid. Given a residence time of approximately 
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two seconds between the pump inlet and the mounting position 
of the in-situ-nozzle in the pressure pipe, mass diffusion cannot 
be neglected for a bubble of a typical size of 10 µm according 
to the estimation of equation (11). 
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p1 = 0.45 bar

p1 = 0.20 bar

p1 = 0.17 bar

 
Figure 11: Bubble concentrations on the suction side of the 

running test pump at 0.45 bar, 0.20 bar and 0.17 bar pump inlet 
pressure. These correspond to operating points of the test pump 
firstly free of cavitation, secondly at cavitation inception and 
thirdly at about 3 % head drop. The bubble radii are scaled with 
a static pressure of 1 bar. 
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p1 = 0.45 bar

p1 = 0.15 bar

 
Figure 12: Bubble concentrations on the pressure side of the 

running test pump at 0.45 bar and 0.15 bar pump inlet pressure. 
These correspond to operating points of the test pump firstly 
free of cavitation and secondly at about 20 % head drop. The 
bubble radii are scaled with a static pressure of 1 bar. 

DISCUSSION 
In this work a new device for the quantification of the 

water quality in hydraulic test installations is presented. The 
developed method is based on the measuring of the tensile 
strength directly within an operating hydraulic circuit by means 
of the in-situ-nozzle. In the subsequent evaluation process the 
ascertained values of the tensile strength are associated with the 
radii of the underlying spherical cavitation bubbles and hence 
an approximation of the current bubble size distribution is 
derived. This evaluation procedure is based on the overall 
assumption that the true bubble size distribution is 
homogeneous and remains in a steady state. With the additional 
assumption that the bubbles are not influenced by mass 
diffusion during their travel through the in-situ-nozzle the 
bubble size distributions in different pressure regions within the 

circuit can be compared to each other. This assumption has 
been proved to be justified for pure molecular diffusion. Apart 
from that the relevance of turbulent diffusion should be 
investigated in the future as well. 

The results of the first experiments that were conducted to 
verify the functional capability of the measuring system first of 
all show a good agreement in the size range of the nuclei 
detected with other measuring systems. However, from this 
comparison it has been seen that both the qualitative trend of 
the bubble concentration and its order of magnitude appear to 
be strongly depended on the water conditions, i.e. the content 
of the dissolved air and/or the possible existence of a cavitation 
region. To get a better understanding of the fundamental 
interactions further experiments should be conducted in which 
the bubble size distribution at the mounting position of the in-
situ-nozzle is varied explicitly. 

In this context the subsequent measurements with both in-
situ-nozzles have clearly shown two effects about the nuclei 
size distributions observed upstream and downstream of the test 
pump. Firstly the maximum size of the bubbles detected on the 
pressure side is about two orders of magnitude smaller than on 
the suction side, which is explainable only with the occurrence 
of diffusion of air from the bubbles into the liquid. Secondly it 
has been found that both the size range and the concentration of 
the bubbles downstream of the pump increase when the pump 
is subjected to a state of advanced cavitation. 

The analysis of the first results presented here has 
demonstrated that the developed measuring method can be used 
to experimentally investigate the influence of different 
operating points of a hydraulic test installation on the 
corresponding nuclei content. Nevertheless further basic 
experiments should be conducted to get a deeper understanding 
of the measuring system in terms of the accessible sensitivity to 
a slight change in the boundary conditions. 

CONCLUSION 
With the overall objective of making more accurate 

predictions on the performance of centrifugal pumps with 
respect to different levels of cavitation reliable methods for the 
determination of the water quality in hydraulic installations 
need to be developed. In combination with measurements of the 
content of dissolved air the in-situ-nozzle serves as a new 
device for quantifying the water quality in terms of the tensile 
strength and/or the concentration of cavitation nuclei. One of 
the advantages of the in-situ-nozzle by comparison to other 
measuring techniques is its simple way of integration into an 
either transparent or opaque hydraulic line of variable cross-
section. This makes the in-situ-nozzle to be a convenient 
measuring device that can be easily mounted in various 
hydraulic installations. 
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NOMENCLATURE 
ci  concentration of a single nucleus 
D  diffusion coefficient 
g  constant of gravity 
Hopt  optimum hydraulic head 
mg  gas mass in the bubble 
n  polytropic exponent 
nS  specific speed 
N  total number of single events 
NPSHA available net positive suction head 
Δpcrit.  tensile strength 
p  static pressure 
p1  pump inlet pressure 
p2  pump outlet pressure 
p∞  pressure in the minimal cross-setion 
pcrit. ∞  critical pressure 
pg  partial pressure of the gas (air) 
pmeas.  measured static pressure 
ptot, 1.  total pressure at the pump inlet 
pv(T∞)  saturated vapour pressure 
Q  flow rate 
Qi  flow rate required for cavitation inception 
Qopt  optimum flow rate 
R  bubble radius 
Rcrit.  critical bubble radius 
RE  equilibrium bubble radius 
Rg  specific gas constant of air 
S  constant of capillarity 
ti  time of cavitation inception 
tD  diffusion time 
Δtk  time since previous event 
T∞  temperature 
ΔVk  volume associated with a single event 
ρ  density 
 

REFERENCES 
[1] Blake, F. G. 1949: “The tensile strength of liquids: a 

review of the literature”, Acoustics Research Laboratory 
Rep. TM9, Harvard University. 

[2] Borkent, B.; Lohse, D.; Schönherr, H.; Vansco, J. 2008: 
“Experimental Study on Potential Cavitation Nuclei: 
Surface Nanobubbles and Bubbles Trapped In Well-
Defined Nanopits”, WIMRC Cavitation Forum 2008, 
University of Warwick. 

[3] Brennen, C. 1995: “Cavitation and Bubble Dynamics”, 
Oxford University Press, New York. 

[4] Briggs, L. J. 1950: “Limiting Negative Pressure in 
Water”, Journal of Applied Physics, 21, 721. 

[5] Brunn, B. 2006: “Kavitation und die Zugfestigkeit von 
Gasen”, PhD. Thesis, Technische Universität 
Darmstadt, Shaker Verlag, ISBN 3-8322-5537-0. 

[6] Chahine, L. G., Kalumuck, K. M. 2003: “Development 
of a Near Real-Time Instrument for Nuclei 
Measurement: The ABS Acoustic Bubble 
Spectrometer®, Proceedings of ASME FEDSM’03, 4th 
ASME_JSME Joint Fluids Engineering Conference, 
Honululu, July 6-10, 2003, FEDSM2003-45310 

[7] Katz, J.; Aosta, A. J. 1982: “Observation of Nuclei in 
Cavitating Flows”, Journal of Applied Scientific 
Research, Vol. 38, pp. 123-132. 

[8] Oldenziel, D. M..: “A New Instrument in Cavitation 
Research 1982: The Cavitation Susceptibility Meter”, 
Journal of Fluids Engineering, Vol. 104, pp. 136-142. 

[9] Pelz, P.; Ferber, A. 2009: “On pressure and temperature 
waves within a cavitation bubble”, Proceedings of the 
7th International Symposium on Cavitation CAV2009, 
August 17-22 2009, Ann Arbor, Michigan, USA. 

[10] Peterson, F. B.; Daniel, F.; Keller, A. P.; Leoffre, Y. 
1975: “Determination of Bubbles and Particulate 
Spectra and Number Densitiy in a Water Tunnel With 
Three Optical Techniques”, Proceedings 14th ITTC, 
Ottawa, Vol. 2, pp. 27-52. 

[11] Sauer, J. 2000: “Kavitierende Strömungen – Ein neues 
Modell, basierend auf Front Capturing (VoF) und 
Blasendynamik”, PhD. Thesis, Universität Karlsruhe 

[12] Schaad, C.; Beinert, C.; Brunn, B.; Ludwig, G., Stoffel, 
B. 2006: “The “In-Situ-Nozzle”, A Device for 
Measuring Tensile Strength of Fluids Directly in 
Operating Pump-Loops”, 6th International Symposium of 
Cavitation CAV2006, Wageningen, Netherlands. 

[13] Weitendorf, E.-A. 2009: “Wasserqualität und Kavitation 
bei Modellversuchen für Schiffspropeller”, Talk at the 
Workshop Kavitation in Technik und Medizin, 
Drückbeck, 2009 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


