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ABSTRACT 

The experimental results which will be presented in this 
paper demonstrate the significant effects of imploding cavitation 
bubbles striking against the surface of radial impeller blades. 

Based on former investigations at the laboratory of the first 
three authors, the method using copper coated blades for 
investigating cavitation erosive aggressiveness has been 
improved. In the former investigations, galvanic copper layers 
were used as sensor to quantify the aggressiveness of cavitating 
flows. Some problems, especially the insufficient reproducibility 
of the mechanical properties of the galvanic copper layers, led to 
the application of adhesive copper films. Such copper films can 
be fixed on the surface of the impeller blades with the help of 
adhesive films. 

Experiments were carried out on a special radial test pump 
with 2-dimensional impeller blades (Figure 1). The outflow 
from the impeller is realized as an annular casing. This causes 
an axially symmetric outflow condition for the impeller. 

Additionally, acoustic measurements were carried out and 
images of cavitation behaviour were recorded to find 
correlations between the erosive aggressiveness, acoustic 
emission and the visual appearance of cavitating flows. 

The investigations were part of the research project 
“CAVISMONITOR – Cavitation Monitoring In Hydraulic 
Machines With Aid Of A Computer Aided Visualization Method” 
carried out in international cooperation and financially 
supported by the EU (European Union). 
 
INTRODUCTION 

The investigations described below consist of three 
different types of measurements (evaluation of the erosive 
aggressiveness by a pit-count method, visual observation and 
acoustic measurements of the cavitating flow) and were carried 
out on a radial test pump (Figure 1). 

 

  
Figure 1 Radial test pump and impeller 

 
Pit-counting, i.e. evaluation of number and size of pits on a 

surface which was exposed to cavitation, is a well established 
method to quantify the erosive aggressiveness of cavitating 
flows. In order to reduce the necessary time of exposure for get-
ting a well evaluable pitted surface, soft materials as pure alloy 
or copper are preferred. In former investigations on a single 
hydrofoil [1], copper specimens were inserted flush to the 
surface. With this method, only local information on the cavita-
tion aggressiveness could be gained at the locations where the 
specimens were inserted. For the evaluation of the cavitation 
aggressiveness over the whole surface of hydrofoils or impeller 
blades, fully coated surfaces are necessary. A first method which 
was developed and tested in [2], [3] is based on galvanic copper 
layers. Because of some weaknesses of this method, an 
alternative method using adhesive copper films was developed 
and applied [5]. The erosive aggressiveness is evaluated by 
microscopic recording of the pitted surface of the copper layers 
after exposure to the cavitating flow and the use of a specially 
developed software for digital image processing [2]. 

Additionally to the pit-count evaluation, acoustic measure-
ments and image recording were performed and evaluated. For 
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the acoustic measurements a specially developed measuring sys-
tem [2] was used which consists of a miniaturized structure-
borne noise sensor, an amplifier and special signal processing 
electronics. 

The results of the investigations described here shall serve 
to find correlations between the visual appearance, the acoustic 
emission and the erosive aggressiveness of cavitating flows. 

NOMENCLATURE 
b  width of blade-channels  [mm] 
da  outer diameter of impeller  [mm] 
Dn  nominal pipe diameter of test rig [mm] 
ES  acoustic energy   [Joule] 
lC  length of cavitation zone  [mm] 
nn  nominal speed of rotation  [min-1]  
ns  specific speed   [min-1] 
ps,min minimum static pressure  [bar] 
ps,max maximum static pressure  [bar] 
P  power of implosion  [mW] 

nV
Vq
&

&
=  specific volume flow rate  [%] 

∆t  time lag    [s] 
u1 peripheral velocity at outer 

diameter of impeller inlet  [m/s] 
V&   flow rate   [m³/h] 

nV&   nominal flow rate   [m3/h] 

2
1

2
u
NPSHg

u
⋅⋅

=σ  cavitation number [-] 

 

TEST PUMP TEST RIG 
For the investigations a special radial test pump having a 

specific speed of ns = 18 min-1 was designed and manufactured. 
The outer diameter of the impeller is da = 278 mm and the blade 
channels have a constant width of b = 23 mm . The nominal 
speed of rotation is nn = 2160 min-1 and the nominal volume 
flow rate is V  = 209 mn

& 3/h. The shroud of the impeller and parts 
of the casing of the test pump are made of acrylic glass what 
enables the visual observation of cavitation in the impeller 
(Figs. 1 and 2). The impeller blades are 2-dimensionally curved 
and are removable from the hub for the application of galvanic 
copper layers or adhesive copper films, respectively. The 
impeller is made of various parts to enable the coating of the 
upstream parts of the blades with copper. The downstream parts 
of the blades are made of acrylic glass for better illumination of 
the cavitation occurring on the blades. 

One reason for the choice of a 2-dimensional geometry of 
the impeller is that experiences and results, obtained from 
former investigations on a single hydrofoil configuration, can be 
transferred to rotating configurations. Furthermore, a 2-
dimensional geometry is easier to observe visually than a 3-
dimensional one. 

The outflow from the impeller is realized as an annular ca-
sing having 12 outlet openings distributed equally around the 
circumference. Thereby, an axially symmetric outflow condition 

exists for the impeller and no interactions with a volute casing 
or bladed diffuser influence the impeller flow and cavitation. 
 

 
Figure 2 Acrylic glass shroud 

 
The test rig (Figure 3) is a closed loop with a nominal pipe 

diameter of Dn = 150 mm. The absolute static pressure in the 
vessel can be varied in the range from ps,min = 0,2 bar to ps,max = 
5 bar. The volume flow rate can be adjusted by a pneumatic and 
a manually operated valve. The maximum normalized volume 
flow rate of the test pump in this loop is 108% at cavitation free 
conditions. 
 

 
Figure 3 Radial pump test rig 

MEASUREMENTS AND METHODS 
The investigations were carried out at five selected opera-

ting points at overload conditions (i.e. cavitation on pressure 
side of the blades) which are defined by the values of speed of 
rotation, (normalized) flow rate and cavitation number.  

 
Operating point 
(nn = 2160 min-1) 

Flow rate 
q [%] 

Cavitation number
σ [-] 

I 97,0 ± 0,3 0,264 ± 0,005 
II 99,4 ± 0,2 0,275 ± 0,004 
III 101,3 ± 0,2 0,302 ± 0,003 
IV 102,5 ± 0,1 0,313 ± 0,003 
V 104,5 ± 0,1 0,552 ± 0,005 

Table 1 Pump operating points of the investigations 

 
In principle, investigations at part load conditions with ca-

vitation occurring on the suction side are also possible, but the 
tests showed a too low aggressiveness of the cavitation on the 
suction side. 

Images of the occurring cavitation were recorded with the 
aid of a CCD-Camera and stroboscopic lighting. The images 
were evaluated with a special software to show the unsteady 
behavior of cavitating flows. Characteristic images of the visu-
ally observable cavitation patterns at the different operating 
points are shown in Figure 4. The sense of rotation of the im-
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peller is counter-clockwise. Regarding Figure 4, it has to be no-
ticed, that the behavior of the occurring cavitation is highly un-
steady, showing a cyclic generation and shedding of cavitation 
clouds. 
 

   
 

  
Figure 4 Characteristic Images at operating points I to V 

(from left to right, top down) 

 
The differences in size of the occurring cavitation zones on 

the blades are clearly visible. The zones of highest cavitational 
aggressiveness of the flow can be estimated by a look on the 
characteristic images (compare Figs. 4, 5, 9 and 10). In Figure 5, 
cavitation with cloud generation, how it occurs on the 2-di-
mensional blades, is shown schematically. The time averaged 
length of the cavitation zone is marked with lC. Also shown is 
the estimated zone of highest damage resulting from the erosive 
aggressiveness of the cavitating flow. 

 

Figure 5 Scheme of cavitation on a 2-dimensional blade 

 
An annotation regarding the images of Figure 4 shall be gi-

ven. For this purpose, one image is shown again in Figure 6 in 
order to explain the fact that the cavitation visible on the images 
is not only blade cavitation. Cavitation exists also on the inner 
surface of the front shroud of the radial impeller which has a 
small radius of curvature at the inlet where the flow is deflected 
from axial to radial direction. 

 
 
 

Figure 6 Explanation of different ty
radial impelle
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The number and size of pits, in relation to the time of exposure 
to the cavitation and the type of the material, delivers a quanti-
tative measure for the erosive aggressiveness. The pits, resulting 
from the exposure to cavitation, are recognizable with sufficient 
enlargement under a microscope and can be counted and 
evaluated by means of digital image processing. The equipment 
for recording the pits consists of a microscope with cross table 
on which the CCD-Camera of the image processing system is 
mounted (Figure 7). The pitted surface is illuminated by incident 
light. 
 

Figure 7 Schematic arrangement of image recording 
equipment and characteristic Image of damaged surface 

 
The recorded images are evaluated with the aid of a spe-

cially developed image processing software [2], [3]. This 
software is able to identify dark spots on the images of the pitted 
surface and determines their size. Because of the fact, that the 
pit distribution is of statistical character, also an overlapping of 
two or more individual pits can occur. The software is also able 
to identify spots from overlapping pits and to separate them into 
several individual pits. The sensitivity of the evaluation can be 
varied by the variation of the so-called structuring element. The 
smaller this element is chosen, the more sensitive becomes the 
evaluation in respect to the pit radius. 

The images were recorded along a grid of rows and co-
lumns over the whole surface of the radial blade. The cells of 
the grid are in accordance with the size of an image frame (appr. 
1,2 x 1,5 mm). The number of rows along every blade was 18. 
The number of images of each row depends on the operating 
point, respectively on the characteristic of the distribution of pits 
on the surface. It varies between 20 and 36 images. After the 
evaluation process, for every image the number of pits and the 
evaluation area is available. These results can be used, for 
example, as representation for the number of pits per area over 
the surface of the blade (pitted area). In Figure 8, a radial blade 
with affixed adhesive copper layer is shown as it was used for 
the pit-count measurements. The blades with the galvanic 
copper layer look similar. 

 

 
Figure 8 Radial blade with affixed copper layer 

RESULTS Pit

focus level

lens

lamp

CCD-Camera Results of pit-count measurements 
The results of two test series regarding cavitation aggres-

siveness, using the galvanic copper layer, are shown in Figure 9 
as so-called aggressiveness maps where the pit density referred 
to the exposure time is indicated. Both test series comprised the 
same 5 operating points. The left row characterizes the results of 
test series 1 and the right row those of test series 2 (from top to 
down operating point I to V). 

 

Figure 9 Aggressiveness maps (distribution of pits per area- 
and time unity of two test series) TS=hub, DS=shroud, flow 

from left to right 

 
The pit density referred to the exposure time already repre-

sents a meaningful result in respect to the distribution of the lo-
cal aggressiveness of the cavitating flow. The integration of this 
distribution leads to the total number of pits. In addition, it is 
possible to split the pits into different classes of their size. 

An important question, which also resulted from former in-
vestigations [2], is the reproducibility of results determined with 
the galvanic copper layer as sensor for the cavitational ag-
gressiveness. A hypothesis, drawn up within this work, assumes 
that the galvanic copper properties, when repeating the coating 
process, are more or less different from each other, but they are 
constant over the surface of one and the same blade. This leads 
to the statement that a different pit density can occur on blades 
which were coated at different times by the same procedure but 
tested at similar test conditions. However, the distribution of pits 
on the blades should resemble to each other. 

As conclusion in respect to the results shown in Figure 9 
one can say that the pits are more concentrated in test series 2. 
Regarding the distribution of the pit radii, smaller pits appeared 
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in the test series 1 than in test series 2. Concerning larger pits, 
the relation is reversed. 

The differences in the results, obtained from the two test 
series, cannot be caused by differences in speed of rotation, flow 
rate or temperature, because these parameters had been kept 
constant within small tolerances. More plausible are differences, 
as already mentioned, in the mechanical properties of the 
galvanic copper layers. 

Regarding the tests with adhesive copper layers, the tests 
were performed at the same operating conditions as for the tests 
with galvanic copper layers.  

The difference between the measurements with the galvanic 
copper layer and the adhesive copper layer is that in the first 
case, the tests were reproduced in two different test series, and 
in the second case, two blades with adhesive copper layers were 
mounted in the impeller and exposed to cavitation at the same 
time to the respective operating condition. This enables to assess 
the cavitation aggressiveness on two blades of the impeller. 

In Figure 10, the results of the pitting caused by cavitation, 
using the adhesive copper layers, are also shown as aggressive-
ness maps.  

 

Figure 10 Pitted area on the radial blades for the analyzable 
operating points; flow direction from left to right 

 
The gray scale, which is used for the description of the 

relative pitted area on the surface, reaches from 0% 
(characterized by white color) up to 19,02% (characterized by 
black color). This highest pit concentration of 19,02% occurred 
at operating point I on the first blade. Results for operating point 
V are not presented in Figure 10 because no analyzable pitting 
appeared (compare Figure 4). This may result from small 
differences in the operating parameters compared to the tests 
with the galvanic copper layers. Although the visual appearance 
of the cavitation zone on the blades was identical in both tests, 
the aggressiveness was obviously somewhat different. The 
difference in flow rate was 5,3% between the two tests using 
different types of copper layers at operating point V. An 
evaluation of the second blade of operating point II was not pos-
sible because the adhesive film was detached from the blade du-
ring the experiment. 

As one can see, for each operating point the second blade is 
always less pitted than the first blade. The explanation of this 
fact necessitates a description of the assembly of the blades in 
the impeller for the experiments. The two test blades were 
mounted at neighbouring positions in the impeller. The remai-
ning three blades were not of the same type as the test blades. 
The contour of the leading edge of the coated blades was of 
semi-circular shape. The contour of the leading edge of the re-
maining blades was of semi-elliptic shape. Former investiga-
tions [3] showed that blades with elliptically contoured leading 
edges have a lower cavitation susceptibility than blades with 
circular leading edge contour. Thus, three blades with elliptic 
leading edge contour were chosen as remaining blades in order 
to not affect the test blades by cavitation generated by the resi-
dual blades. But anyhow, an influence yet seems to exist which 
could not be clarified. 

Furthermore, the distribution of the pitting on the blades is 
not symmetrical to the half-span of the blades. This is caused by 
the fact that a more or less large cavitation zone exists on the 
front shroud, depending on operating conditions. These cavita-
tion zone displaces the cavitation zones on the blade axially in 
direction to the hub. Although the cavitation zone on the front 
shroud is relatively small at operating point IV (Figure 4), the 
displacement is clearly visible after the evaluation (Figure 10). 
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Results of acoustic measurements 

Acoustic measurements by using the specially developed 
measuring system (which is described in more detail in [2]) 
were made at each of the 5 operating points. The results are 
detailed in the form of histograms which show the mean value 
based on five individual measurements. The duration of each 
measurement was 10 seconds. 

Below, the principle of measuring and evaluation shall be 
described shortly. Based on the fact that pressure waves, emitted 
by imploding bubbles, are responsible for the pitting, the erosive 
aggressiveness can be replaced by the definition of the so-called 
power of implosion. The power of implosion P is defined as the 
summation of energies of individual pressure waves, resulting 
from bubbles imploding near a wall and striking the surface of a 
component over a defined period of observation ∆t. 

∑
∆∆

=
t

SE
t

P 1  Equation 1 

Exemplarily, one histogram is shown in Figure 11 for 
operating point I. Displayed is the number of events per second 
for the several classes of intensities of the implosions, the total 
number of events per second and the power of implosion. 

If one compares histograms for the five operating points, an 
interesting distribution of the events per second as well as of the 
power of implosion versus the flow rate becomes visible as it is 
shown in Figure 12. 
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Figure 11 Exemplary histogram of acoustic measurements 

 
The increase of the values of the power of implosion, 
respectively the events per second, from operating point I to III 
can be elucidated by having a look on the cavitation behavior at 
these flow conditions. 

 

Figure 12 Power of Implosion versus flow rate 

 
At operating point I, the flow conditions on the blades are 

such that the implosions of the cavitation bubbles take place 
distant from the blades surface. Hence, the pressure waves of 
the imploding bubbles are partly absorbed by the fluid between 
the cavitation zone and the surface of the blade. At lower flow 
rate (operating point II) the implosion zone will approach the 
surface of the blade. Also a decrease of the length of the cavita-
tion zone comes along with a decrease of the flow rate. At ope-
rating point III, the maximum of the power of implosion is 
achieved even though the length of the cavitation zone is smal-
ler. For the operating points IV and V, the flow rates are smaller 
again. The decrease in the power of implosion is now based on 
the fact that the aggressiveness of the prevalent cavitation is 
much lower than that one at the operating points I to III. 

In Figure 10, no results for operating point V are shown and 
it was mentioned that no pitting was visible on the surface after 

the tests. If one has a look at Figure 4 and Figure 12, one can 
imagine the very low aggressiveness of the cavitation at these 
operating conditions. 
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Results of digital image processing 

The images of the cavitating flow, as they are exemplarily 
shown in Figure 4, were evaluated with the help of a special 
image processing software to obtain information about the fluc-
tuating behavior. Exemplarily, in Figure 13 a characteristic 
single image is shown as well as the average value and the stan-
dard deviation of multiple images for operating point I. For 
generating the average value and the standard deviation, 20 
individual images were used. The evaluation took place for the 
distribution of the brightness of several images. For the average 
value, bright regions inside the cavitation zone signify a high 
void fraction. Regions with only little or no void fraction appear 
dark. The average value gives information about the probability 
of the existence of void fraction at a certain location. 

The standard deviation gives information about the fluc-
tuation, respectively the periodical generation of cavitation 
clouds. At locations with high fluctuation of the local void frac-
tion, the alteration of brightness is also very high from one ima-
ge to another. Hence, the standard deviation of the brightness is 
very high, too. Bright regions on images showing the standard 
deviation indicate highly unsteady cavitation behavior while 
dark regions suggest steady areas in the cavitation zone. 
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Note: The intensity of an individual image is a function of 
the illumination. Therefrom, the distribution of the brightness 
does not give information about the absolute values of the void 
fraction when comparing images for different operating points. 

 
Characteristic image Average value Standard deviation 

q=97,0%; σu=0,264   

Figure 13 Characteristic image of operating point I with 
average value and standard deviation 

 
Image recording on the blades suction side was impossible 

because of the restricted access through the acrylic glass win-
dow. 

EXPERT SYSTEM 
It was one of the objectives of the investigations described 

above to find correlations and to formulate rules in form of a so-
called “expert system” which can give information how the 
erosive aggressiveness of cavitation conditions, especially in hy-
draulic turbomachines, can be assessed on the basis of computer 
aided visualization methods. Therefore, the results obtained 
from the investigations on the radial test pump were combined 
with results of similar measurements at a single hydrofoil and an 
axial test pump which were also carried out in the frame of the 
research project CAVISMONITOR. While it was found that 
some general rules can be formulated which are applicable to 
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different configurations, a quantitative assessment of the erosive 
aggressiveness, nevertheless, obviously needs to take into ac-
count some specific characteristics of individual cavitating con-
figurations. 

Basically, the general rules for the expert system were 
formulated on the basis of 

 
 experimental results gained from former investigations 

at a single hydrofoil configuration 
 
 general experiences and know-how on the physics of 

imploding bubbles and their erosive effects 
 

 results and knowledge from published literature  
 

These rules can be verbally formulated in respect to the cor-
relation of erosive aggressiveness of cavitation conditions in 
turbomachinery with measurable, respectively known quantities 
and characteristics of the cavitation and the operating condi-
tions. Such rules are mostly of a Fuzzy type. They do not lead to 
an exact result but are more probabilistic. On the other hand, the 
degree of probability increases by combining some of the rules 
in a Boolean sense ( if… and…, if… or…). This verbal 
information can be taken as an input for a software, which can 
be developed and implemented on computers. The correlations 
and rules given below are divided into those which correlate the 
erosive aggressiveness with the visually observable behavior of 
the cavitation and others which correlate the aggressiveness 
with other measurable, respectively known, information on the 
operating conditions. 

 
(1) Correlations with visually observable behavior of cavitation 

 
 Unsteady cavitation is much more aggressive than 

steady cavitation 
 Leading edge cavitation is more aggressive than e.g.  

mid blade cavitation 
 Attached sheet cavitation is much more aggressive than 

traveling bubble cavitation 
 The most aggressive type of cavitation on pump im-

pellers is the attached highly unsteady leading edge 
cavitation with cyclic cloud generation and shedding 

 The aggressiveness of cavitation correlates with the 
time averaged length of the cavitation zone 

 With increasing length, the aggressiveness increases to 
a maximum before decreasing 

 The aggressiveness correlates with the fluctuation 
(standard deviation) of the length of the cavitation zone 

 The aggressiveness increases monotonically with the 
standard deviation 

 For the same average length and/or standard deviation, 
the cavitation is more aggressive while existing on the 
pressure side of the blade than on the suction side of 
the blade 

 For the same average length and/or standard deviation, 
the cavitation is only/more aggressive, when the rear 
end of the cavitation zone is attached to the blade sur-

face. A distance between vapour filled volumes and the 
surface (visually identifiable from shadowing on the 
blade surface) considerably reduces or eliminates ero-
sive effects and acoustic emission 

 The location of maximum erosion is to be expected at 
the location of the rear end of the time averaged cavi-
tation length 

 
(2) Correlations with other measurable/known information on 

the operating conditions 
 
 For the same visually observable properties of cavi-

tation (type, location, time-averaged length, standard 
deviation of fluctuating length), the erosive aggres-
siveness scales with the local velocity of the fluid with 
the power 5 to 7. The same holds true in respect to the 
impeller circumferential velocity and, for one and the 
same turbomachine, in respect to the speed of rotation 

 For the same visually observable properties of cavi-
tation (type, location, time-averaged length, standard 
deviation of fluctuating length), the erosive aggres-
siveness decreases with increasing content of undis-
solved gas in the liquid 

 In the case of cavitation attached to the blades surface, 
the erosive aggressiveness is closely correlated to acou-
stic noise, especially to fluid born and structure born 
noise. This holds true also in respect to the dependence 
on operating conditions, e.g. the suction pressure 
(NPSH). When varying the suction pressure (NPSH) 
and, thereby the length of the cavitation zone, the 
maximum of the erosive aggressiveness nearly coin-
cides with the maximum of the acoustic noise 

 Pressure distributions along the surface showing a 
sharp and deep minimum lead to a much more aggres-
sive type of cavitation than relatively flat pressure di-
stributions 

CONCLUSIONS 
As conclusion to the investigations detailed in the present 

paper, it can be said that the methods, used for the investigations 
to characterize the erosive aggressiveness of cavitating flows, 
are very practicable. Only the method regarding the galvanic 
copper layer had to be replaced, but the adhesive copper films 
are particularly suitable for quantifying the erosive ag-
gressiveness of cavitation. With the aid of the pit-count method, 
it is possible to determine the distribution of local erosive ag-
gressiveness of cavitation and its dependence on influencing 
quantities. There is a reasonable agreement of the total erosive 
aggressiveness (found by summing up the pit distribution) with 
the power of implosions determined with the aid of the specially 
developed acoustic measuring system. The visualization of the 
cavitation behavior including digital image processing can give 
important information in respect to the erosive aggressiveness of 
cavitation. Some general correlations and rules in respect to the 
erosive aggressiveness can be formulated for the use as an 
expert system in the frame of a cavitation monitoring system 
based on computer aided visualization of cavitation in hydraulic 
turbomachines. 
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