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1 • INTRODUCTION

The occurence of leading edge cavitation, for instance in
rotodynamic pumps and water turbines, still requests
extensive experimental and theoretical investigations.
Although a certain amount of cavitation is tolerated
during operation of turbomachinery in many cases, cavi
tation is mostly linked with a loss of efficiency, noise
generation and cavitation erosion. Characteristics of the
cavitation, which seem to be mainly responsible for the
erosive aggressivity, are the type of cavitation, volume of
vapour, unsteady behaviour of cavitation and unsteady
pressure field. The characteristics of the non-cavitating
flow field, e.g. pressure distribution, type of boundary
layer and flow separation can also have an influence on

the cavitation behaviour for comparable Reynolds num
bers.

Our investigations, which are still in progress and are
financially supported by the German Community of
Research (DFG), aim at finding the dependence of the ero
sive aggressivity on the typical cavitation characteristics and
the correlation between cavitating and non-cavitating flow
field, e.g. areas of separated flow, type of boundary layers
and pressure distribution. Furthermore, the investigations
shall give information on the characteristics of the 3-dimen
sional behaviour of cavitation and on the influence of secon
dary flows on the erosive aggressivity.

The knowledge of these influences on the cavitation
aggressivity will help to estimate the risk of erosion in an
early stage of design, for instance on the basis of the CFD
calculated pressure distribution.
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______________________INVESTIGATIONS ON THE UNSTEADY BEHAVIOUR OF CAVITATION

.2.1 Test Section

1. Drawing of profile with forward facing step and
arrangement of dynamic pressure transducer.
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tour for each image. Therefore, shedding ranges, lengths fre
quency histograms and cavity volumes can he calculated for any
number of images of one cavitating flow condition.
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2. Presentation of light sheet and image processing mea
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II • TEST SECTION AND MEASURE
MENT EQUIPMENT

The experimental investigations are performed in a 20 test sec
tion, which is part of a closed test rig. The test section contour
contains a flat part with a forward facing step as the cavitating
profile (fig. 1). The profile is designed as being rotatable to
change the angle of incidence (and thereby the pressure distribu
tion on the wall. The profùe is equipped with 7 pressure tap
pings which can be used for static measurements. Two
transparent windows, on the top and in the sidewall, give the
opportunity for flow visualisation with the aid of laser light sheet
and CCO-camera and application of other measuring techniques,
e.g. Laser Doppler Velocimety (LOV).

• 2.2 Dynamic Pressure Measurement
III • CAVITATION AND PRESSURE FLUC

TUATION
Furthermore, the cavitating profile is equipped with dynamic
pressure tappings and piezoresistive pressure transducers,
Kulite XTM-190M, located in the closure region of the cavi
tation. The cavities in front of the transducer membranes are
filled with silicon oil as a transrnitter fluid to detect the uns
teady pressure resulting from cavitation fluctuations. Thus, the
unintended measurement of rnicrojet pressure signals and atte
nuation or phase shift resulting from free gas bubbles in these
cavities are avoided to the greatest possible extent. A pressure
tapping of 0.5 mm diameter represents the connection of the
oil filled cavity and the surface of the profile (fig. 1).

• 2.3 Laser Light Sheet and Image Processing

An argon ion laser (fig. 2) is used for flow visualisation with
laser light sheet (LLS) technique and for LOV measurements,
respectively. For LLS-measurements, the beam was aligned
into an acousto-optical modulator (AOM, Bragg cell) for short
pulsation of laser beam intensity. The rise time of the pulses
depends on the wave length, beam diameter and the sound
velocity inside the Bragg crystal material (e.g. Te02). A typi
cal rise time for the AOM used was 350 ns. The AOM is
controlled by a TTL trigger signal, representing the intended
pulse length. This signal is provided by a signal generator,
getting an input burst signal from the image processing board.
The burst signal marks an image which is grabbed by the
frame grabber. Since the AOM control signal is also used as a
trigger for the signal memory recorder the assignment of
exposure and pressure signal is possible. After passing the
AOM the heam is transrnitted using a glass fiber and finally
spread to a light sheet by a cylinder !ens.

The illuminated contours of the cavities are detected with a
CCO-camera and an image processing system. The evaluation
with a search routine leads to the coordinates of the cavity coun-

Typical (inverted) images of a fixed cavity cycle (not taken in
chronological order) with an exposure time of 20 J.1S are pre
sented in figure 3 where the flow direction is from left to right.
The contours of the cavities are deterrnined using the search
routine (in inverted images: thin black line). The fust image
shows clearly the contour of the closed cavity in the formation
and growth phase. The contour at the end of the cavity close to
the wall demonstrates the existence of a reentrant flow. The
instantaneous pressure at the exposure time window is plotted
at the transducer positions. Since the fust sensor (p 1) is cove
red by the closed cavitation pocket, the measured pressure of
105 mbar is close to the vapour pressure of 42 mbar (water
temperature 30 oC). An unexpectedly high fraction of liquid
phase in a leading edge cavity was found by Stutz [4] by the
means of optical sensors. Assurning that the pocket contains
vapour as weil as water, the transducer detects an average pres
sure of these two phases. Although piezoresistive transducers
and amplifiers for dynamic measurements are in use, the trans
ducers in combination with the pressure holes are not able to
detect those high frequency pressure fluctuations of passing
single bubbles alternating with layers of water (moreover, the
detection of these fluctuations was not intended). Thus, the
measured mean pressure has to he a function of the fraction of
vapour and water inside the cavity. The distance from the lea
ding edge and the influence of the reentrant flow can be obser
ved for the second transducer (p2 = 231 mbar). The flow
approaching the wall in the wake of the cavity results in a
pressure of 2,026 bar, which is above the magnitude of
approximately 1.8 bar for the non-cavitating flow.

The 2nd image presents the cavitation just before a total
breakoff and the formation of a cloud. Pressure pl is above
and p3 below the magnitude which is found during the
growth of the cavity. The breakoff (3rd image) is linked with
low pressures in the newly growing cavity and the cloud.
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Figure 7 demonstrates pressure signals which were recor
ded simultaneously for a mean cavity length of LfLret = 0.21
(Le = 10.5 mm, Lret = 50 mm). For these measurements, the
mean end of the cavity is close to the first dynarnic pressure
transducer pl. Obviously, pl shows the lowest mean pres
sure. As a verification of measuring correctly, the mean
pressures are comparable with the mean static pressure
found in [1].

The peaks in the time domain signal of pl occur, when
the breakoff has fini shed and the surrounding flow of the
cavity is approaching the pressure hole.

The frequency spectrum of pl shows a peak frequency of
about 144 Hz which seems to be below a magnitude repre
sentative of a fluctuation frequency for the given length.
Transducers p2 and p3 show a peak frequency of == 590 Hz,
which is closer to the expected shedding frequency of a
short cavity. The high frequency components in the ampli-

S/Lr

5. Variation of position of pressure pulse transducer for
3 cavity lengths.

QAS* has the meaning of a sum of squared amplitudes of
the pressure pulses, which correlates to the intensity of ero
sive aggressivity. The approximated magnitudes result in a
Gaussian distribution with the maximum at the eye-adjusted
end of the cavitation. Since we know from the image proces
sing investigations described above, that the evaluation leads
to shorter lengths, the strong microjet pulses seem to be
mostly a result of cloud cavitation. In future investigations,
this shaH be verified by quasi-simultaneous acquisition of
images and pressure pulses.

According to the deterrnination of the range of the cavity
length for single images (in this case 1 000 frames, 20 ~s

exposure time), histograms of instantaneous lenghts can be
obtained (fig. 6). Significant is the sirnilarity of length histo
gramms and QAS*-distributions and the large fluctuation
range of long in comparison to short cavities.
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4. Cavitation contours of 9 flow conditions, evaluated by
image processsing system.

3. Typical fixed cavity cycle.
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Figure 4 presents average cavitation contours for
3 velocities and 3 different mean cavity lengths. Each
contour (line) is a superposition of about 1 000 images.
The mean cavity lengths Le = 10.5, 23 and 38 mm were
adjusted by visual observation with a stroboscobic light
source. The image processing evaluation demonstrates,
that this adjustment was chosen too short. This deviation
can be explained from the differences of lengths adjust
ments and evaluations during experiment. The image pro
cessing system evaluates only the closed cavity, to the
greatest possible extent without cloud. (Only if the closed
cavity and the cloud are still linked, a few ilS after the
breakoff, the cloud is included in the evaluation). This is
intended, because for statistical evaluation the vapour
volume should not be calculated from 'new' and 'old'
cavities, as weil, in one frame. On the other hand, the
adjustment by eye is very probably influenced by the
occurence of clouds, interpreted as part of the cavity.

Comparing this effect with earlier investigations [1]
according to the aggressivity distribution for a sheet cavity
(pressure pulse measurements by variation of transducer
position along the cavity), it has been found that the highest
and strongest pulses (resulting from rnicrojets) occur at the
eye-adjusted cavity end.

Figure 5 shows representative results of these investiga
tions, where S/Lr is the dimensionless cavity length and
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5

LILr~= 0.21
Fe = 64 Hz -7 St = 0.23 [-]

LILr'1 = 0.46
Fe = 44 Hz -7 St = 0.21 [-]

LILre{ = 0.76
Fe = 44 Hz -7 St = 0.20 [-]

transducers) and the resulting dynamic pressure for the
approaching flow is therefore :

5

LILref =0.21
Ve =30.9 mls -7 Pmax = 4,7 bar

LILref = 0.46
Ve = 28.9mls -7 Pmax = 4,2 bar

LILr~= 0.76
Ve = 7.6 mls -7 Pmax = 3.8 bar

Figure 8 presents the pressure for a normalized length of
LfLret =0.76 and exhibits high and short pressure peaks for
the transducer which is located in the region of mean cavity
length (P3). These peaks exceed the predicted dynamic pres
sure of an approaching flow in sorne cases. This could
actually be another indication for a superposition of cloud
collapses and unsteady hydrodynamic flow effects, which
cannot be predicted with a steady flow calculation. A few of
the high peaks are followed by a local minimum and smaller
peaks, which possibly could be interpreted as a detachment
of smaller vapour structures from the closure region. For the
cavity fluctuation frequencies and therefore the Strouhal
number St = F/L!Ve' it results :
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7. Pressure signaIs in time and frequency domain,
LILret =0.21.
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tude spectrum of p2 and p3 can not be ignored. Since these
sensors are located in the wake of the cavity, clouds are pas
sing the pressure holes. Assuming that these clouds generate
high frequency signais (> 2 kHz), this effect can be exp]ai
ned. Wang et al. [4] reported on calcu]ations of shock waves
generated by collapses of clouds. In these investigations it
was found that the far-field acoustic impulses are strongly
correlated to the volume and the void fraction of the cloud.
The pressure signais in the closure region exceed the maxi
mum pressure (neglecting the influence of microjets) which
can be predicted by steady flow calculation (fig. 3, top). The
maximum pressure is detected during the growth of the
cavity, when the end passes the location of the pressure
transducer. Therefore, a stream of water approaches the wall
(with a perpendicular velocity component) and it can be cal
culated as following (considering incompressible liquid and
only hydrodynamic effects). Vc has the meaning of a charac
teristic velocity, assuming vapour existing at the interface of
the closed cavity and the surrounding liquid :

Pmax =4p~ +Pv

The characteristic velocity can be calculated from (see
also [1])
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using Bemoulli's equation (for steady flow), where Va is the
reference pressure at a location upstream the profile and cr is
the dimensionless cavitation number :

Frequency [Hz]

8. Pressure signaIs in time and frequency domain,
LILret =0.76.

P-Pvcr=--

4pYa
The characteristic velocities for the cavity lengths LfLret =

0.21, 0.46 and 0.76 (mean length of cavities at the pressure

IV • NON-CAVITATING FLOW

As mentioned in the introduction, another aim of the
research project is to investigate the influence of characteris
tics of the non-cavitating flow on the unsteady behaviour



and the aggressivity of leading edge cavitation. These inves
tigations were carried out using numerical methods (CFD
calculation with the code FIDAP), and experimentally with
the aid of Laser Doppler Velocimetry.

A special objective of flow field investigations was to
find out whether a separation of the non-cavitating flow
exists and possibly influences the sheet cavitation. The flow
near the profile was « scanned» with the LDV-system (as
described by the pattern in fig. 9) for Reynolds-numbers
comparable with the cavitation conditions. Figure 10 shows
velocities for various distances from the profile (z = 0.5-2.0
mm) versus the coordinate x along the profile. At a location
of x = 2 mm (leading edge) the highest velocity component
Vx is occuring in the layer nearest to the profile. For a loca
tion of x = 4 mm this effect inverts and the influence of
boundary layer can be observed (smaller velocites nearer to
the wall). An indication for negative velocities typically
occuring in separated flows was not observed. If there exists
a separated flow, it was not detectable, since the measure
ment distance to the profile of z = 0.5 mm represents the
smallest possible distance (because of reflections disturbing
the photo-multiplier). CFD-calculations (see fig. 11, turbu
lence intensity at inlet set to 5 %) verified the LDV-measure
ments and represented non-separated flow in the interesting
area, even for the highest angle of incidence (10') which
was chosen for the calculations. Thus, obviously the boun
dary layers are getting a sufficient amount of energy from
the turbulent main flow, which allows to pass zones of high
positive pressure gradients without detectable separation
bubbles. Though the typical characteristics of cavitation
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11. Calculated streamlines in the area around the for
ward facing step.

inception indicated the existence of laminar separation
bubbles, these could not be observed with the aid of the
LDV-system.

v • CONCLUSIONS

9. Pattern of LDV-measurements.
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• Measurements of the unsteady pressure in combination
with the laser light sheet techniques can provide information
on unsteady flow field, and shedding frequencies.
• With the aid of image processing it is possible to obtain
fluctuation ranges of cavity length fluctuations and the size
of the cavities.
• Determination of mean cavity lengths and comparisons
with pressure pulse measurements can show the main source
(cloud, cavity) of the erosive aggressivity.
• Furtlier considerations will concern the driving pressure
differences representing an influence on erosive aggressivity,
correlations with non-cavitating 2D and 3D flow and the cla
rification Qf the dependence on larninar separation bubbles.
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10. LDV-measurements on the forward facing step,
angle of incidence 0'.
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