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Abstract This work intended to study the behavior of the

instantaneous vapor fraction in the turbopump inducer of a

liquid propellant rocket engine. Experimentations held on an

experimental pump test facility and cavitation was attained

by reducing the inlet pressure in the machine while main-

taining constant the inducer rotational speed. Measurements

of vapor fraction through the rotating inducer were achieved

by means of an X-ray-based system. The system exerted an

industrial X-ray generator and 10 collimated scintillation

detectors. Detectors were functioning in current mode thus

permitting an acquisition at 5 kHz for each detector. A ref-

erence X-ray detector situated between the X-ray generator

and the machine permitted the treatment of X-ray beam

energy fluctuations related to industrial generators. Acqui-

sitions were performed in three axial positions on the indu-

cer. For each measurement position, three cavitation

sequences with different flow rate conditions (Q/Qn = 0.9,

1, 1.1, where Qn is the nominal flow rate) were accomplished.

Each cycle is performed by decreasing gradually the pressure

while maintaining an imposed rotational speed of 4,000 rpm.

Each test is constituted of 10 pressure points varying from

2.40 to 0.48 bars representing a complete cavitation

sequence. X-ray acquisition was performed for each pressure

point, and it was carried out for 10 s thus corresponding to

667 tours of the inducer. Vapor fraction was determined

instantaneously thus showing the applicability and the pre-

cision of the method in such measurements despite of the

geometry and rotation speed constraints. Consequently a

quantitative and qualitative evaluation of the vapor fraction

is presented. Results show that the vapor distribution is well

related to cavitation development on the blades of the

inducer for steady cavitation condition.

List of symbols

b Vapor fraction

r The cavitation parameter or the similarity parameter

for cavitation (Yue et al. 2001)

I0 Calibration measurement when no liquid is in the

machine

I1 Calibration measurement when the machine is full of

water (b = 0)

I Measurement with a vapor faction b to be estimated

Ino X-rays intensity received by the detector when no

object is between the source and the detector

Iref A reference factor that indicates the level of the flux

[energy, number of photons] of the X-ray beam

l Signifies the attenuation coefficient (cm-1)

q The density (g cm-3)

x Thickness (cm)

Indices

pw Housing walls

mi Inducer metal

W Water
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v Vapor

d Detector number

h Angular position of the inducer

1 Introduction

Conquering the space solicits industry to contrive launch-

ers with more and more efficiency capable of transmitting

more loads to space. Intending to procure in useful load,

constructors are urged to run down the thickness of fuel

tanks while reducing the drain pressure of the pumps. In

order to thrust combustibles while pushing ahead, launch-

ers engage high flow turbopumps. Being constrained by the

size, the pump inducer, which constitutes the pump initial

stage, should rotate at a very high speed to ensure a suf-

ficient pressure gradient at constant flow rate in order to

protect the main centrifugal pump stages from cavitation

(Coulon 1999a, b). Indeed, the high speed of rotation of the

turbopump and the low level of pressurization at the tank

instigates the cavitation phenomenon (Lecoffre 1994). The

cavitation manifests by the formation of vapor sheets on

the suction side and at the tips of the inducer blades. Once

this vapor is formed, it will move to the discharge side of

the inducer and collapse where it is subject to a high

positive pressure gradient. At first, vapor drop the inducer

performance by the loss of mass flow (vapor density is

lower than fuel density), when it reaches a critical amount

in the inducer. A second effect is linked to the vapor

structure instability which creates large pressure fluctua-

tions in the inducer for some specific values of the vapor

quantity. This phenomenon may lead to large flow fluctu-

ations in the inducer and also in the whole engine feeding

system. This situation may damage both the pump and the

launcher (Shimizu et al. 2001).

Many research works were carried out attempting to

develop methods (direct and indirect) to study the behavior

of vapor pockets in the machine. Franc et al. (2001) studied

the behavior of the vapor pockets by means of classical

visualization of the machine. Image treatment and analysis

methods were used to study and estimate the vapor volume of

pocket in the machine, but it cannot offer a local measure-

ment of the vapor fraction. Despite of its simplicity, this

method demands special installations with non-opaque

housing at the inducer level. Other more complex techniques

of flow characterization such as PIV (Particle Induced Ve-

locimetry) and LIF (Laser Induced Fluorescence) were tes-

ted by Chanteloup and Bölcs (2001). The difficulties related

to these techniques are the diffraction of laser light by the

bubbles and that these could not be applied for vapor frac-

tions greater than 5 % (Saarenrinne et al. 2004).

Recent non-experimental methods such as computa-

tional fluid dynamics (CFD) prediction of cavitation in

fluids (Ebrahimi 2002) revealed interesting results, but they

still need to be coupled with experimental measurements in

order to be validated for further exploitation.

Returning to experimental methods, Han and Wesser

(1993) presented a non-intrusive technique to estimate

bubbles size and velocity in a two-phase flow (liquid ?

gas). Their approach was based on the Compton scattering

of X-rays. Results obtained were significant and interesting

as compared to numerical simulations and to laboratory

experiments. However, this technique could not be applied

to the current system due to its acquisition speed limita-

tions (30 Hz), while the speed of rotation of the inducer in

our application is 4,000 rpm (66 Hz 9 4 blades = 266 Hz

for each blade).

Stutz et al. (2002) and Stutz and Legoupil (2003) per-

formed experiments on a Venturi channel designed to

reproduce similar cavitation structures to that observed on

the blades of an inducer. They used an ionizing-radiation-

based system in order to study the distribution and the

behavior of vapor fraction through a two-phase flow in the

cavitating section downstream the throat of Venturi. Their

system exerted an X-ray generator and a set of scintillation

detectors along the flow channel. The method is presented

in details in the third part of this paper.

Accordingly this method allowed to describe the vapor

fraction evolution and to determine the vapor fraction with

a mean relative error of order of 3 %. However, their

results agreed well with those found by comparative

measurements obtained by an intrusive technique based on

optical probe measurements inside the cavity on static

condition on the suction wall. This comparison approves

the originality of the X-ray method to obtain instantaneous

distribution of the vapor fraction in the whole cavity and

using a one-shot technique. The same geometry was sub-

scaled so that it could be tested in a Synchrotron device.

Results are presented in Vabre et al. (2009).

Similar works were carried on by Coutier-Delgosha

et al. (2003) based on the same method. They presented a

numerical and an experimental investigation of the internal

structure and the dynamics of a 2D sheet cavitation on the

suction side of a 2D foil section. Their experiments were

conducted in a cavitation tunnel. Cavitation conditions

ranging from steady sheet cavitation to unsteady cloud

cavitation were obtained by varying the foil incidence and

the cavitation number. Using a new endoscopic technique,

coupled with X-ray attenuation measurements, the two-

phase morphology and the void fraction within the sheet

cavitation were presented. The results are compared to

numerical results obtained by solving the Navier–Stokes

equations coupled to a model of a single fluid with vari-

able-specific mass to simulate the cavitation phenomenon.

The comparisons show good agreement of: (a) the void

fraction distribution, (b) the frequency of the cavity
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oscillations, and (c) the shape of the sheet and the detached

cloud cavity.

During the recent years, the experimental study of

cavitating flows using X-ray absorption techniques gained

a lot of popularity. For example, it was extensively used in

the study of high-pressure fuel sprays issuing from diesel

engines injectors. Work from Kastengren et al. (2007a, b),

Yu et al. (2001), Cheong et al. (2004) and Powel et al.

(2003) investigated the spray characteristics of single-hole

research nozzles injecting into ambient pressures. More

recently, Leick et al. (2007) used a multi-hole single fluid

injection system to investigate the corresponding spray

using X-ray radiography. Ramirez et al. (2009) use also

X-ray radiography techniques to explore the near-nozzle

region of a production multi-hole injection in order to

obtain quantitative information about high-pressure non-

evaporating sprays.

More sophisticated techniques, using X-ray computed

tomography (CT), were also used to obtain a 3D recon-

struction of the void ratio field. Giannandakis et al. (2008)

use it in a high-pressure fuel spray from a diesel engine

injection system. Bauer et al. (2012) performed a tomo-

graphic reconstruction in a cavitating pipe flow. The work

of Mäkiharju et al. (2013) can also be cited in which a real-

time 2D visualization of a two-phase flow downstream of a

ventilated cavity was performed. The synthesis review

done by Heindel (2011) about the use of X-ray systems in

multiphase flows can also be mentioned.

Certainly the efficiency and the robustness of the

method endorse its application in exploring more complex

systems such as 3D designs of Ariane inducers. Afterward

the main concept of this study is to adapt the later descri-

bed technique to study experimentally and instantaneously

the dynamic behavior of vapor fraction within the machine,

taking into account the environment and the complexity of

the experimental system. This will be achieved through the

production of instantaneous tomographic images of the

vapor fraction in the measurement section of the machine.

See ref. Hassan et al. (2008) for an accurate description of

the used measurement technique in the context of the

present work.

2 Experimental model

Experiments were performed on the water test bench of the

Centre de Recherche et d’Essais de Machines Hydrauliques

de Grenoble [CREMHyG]. The bench is equipped with a

special Aluminum inducer designed by Snecma, the com-

pany in charge of the Vulcain engine turbopump (ARIANE

V rocket). A description of this experimental device can be

found in Franc et al. (2001) and De Bernardi (1996). This is

a close loop in which the inducer is entrained by an

electrical motor. A large free surface tank is mounted

downstream the inducer. This device permits the loop

pressure management independently from the flow rate. In

the present study, we will use cold water (&20 �C) as the

working fluid. The cavitation level of the flow is measured

by the number r, which is here defined as follows:

r ¼ Pam � Pv

qR2x2

where Pam is the reference pressure just upstream of the

inducer. Pv is the water vapor pressure. q is the liquid water

density. R is a reference radius for the inducer. x is the

inducer angular speed.

It is possible to change the r number without changing

both the flow rate and the inducer rotational speed.

Figure 1 shows a schematic view of the hydraulic loop.

The classical test procedure consists in gradually decreas-

ing the r number for a given flow rate and rotational speed.

X-ray detector signals are then acquired for each r in order

to compute the vapor volume in the inducer. In the present

experiment, we test, for example, a r range from

r = 0.013 (no cavitation) to r = 0.0016 (maximum cavi-

tation) in the nominal (Q/Qn = 1) testing case.

Cavitation is then produced by reducing the inlet pressure

of the pump, while maintaining the inducer rotation speed at

4,000 rpm. The cyclo-stability of cavitation structures is

required in order to perform image reconstruction later. A

position sensor situated at the housing of the machine pro-

vides the angular position of the inducer. This sensor pro-

vides a signal between 0 and 10 V corresponding to angular

positions between 0 and 360�. Cavitation measurements

were performed in three axial positions at the machine, with a

section thickness of 20 mm for each axial position [see

Hassan et al. (2008), Hassan (2005) for details]. However,

most of the important phenomenon arises in the first axial

section at the inducer entrance. Consequently, the present

study will be focused on this area. Figure 2 shows a sketch of

the inducer’s upper view in which the X-ray source, the

X-ray path (measurement area) and the detectors are dis-

played and located in order to describe the measurement area

studied in the present paper.

Measurements were achieved by immobilizing the

source-detector measurement system while rotating the

inducer. Projections were acquired by 10 detectors for a

total of 75 angles of incidence. Figure 3 displays a front

view of the inducer both with X-ray path and detector rack.

Measurements could not be acquired in the center of the

machine due to the presence of the mounting axis holding

the inducer, which constitutes 35 mm of iron. This quantity

of iron is capable of absorbing all incident X-ray photons in

the energy range in which we are working.

The X-ray absorption technique is used to perform

integral measurements of the vapor volume in the inducer.
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We define the vapor fraction, b, as the ratio of the volume

of vapor to the total volume of measurement:

b ¼ Volume of vapor tð Þ
Total measurement volume

¼ 1�
ln

I0 hð Þ
I hð Þ

h i

ln
I0 hð Þ
I1 hð Þ

h i

where I(h) is the actual detector current value for a given

inducer position (h). I0(h) is the corresponding current

value obtained with an empty system (full of air, b = 1).

I1(h) is the corresponding current value with the system full

of water (b = 0). I0(h) and I1(h) are obtained from a pre-

liminary calibration in which data are collected for each

angle h with, respectively, the empty (I0) and full of water

(I1) system.

A lot of technical information concerning the measure-

ment method can be found in Hassan et al. (2008) and

Hassan (2005).

A Philips M160 X-ray generator and 11 NaI scintillation

detectors functioning in current mode were employed to

perform integral measurements. The X-ray tube high-

voltage supply was fixed at 80 kV, 30 mA for I and I1

measurements while I0 is performed at 80 kV, 5 mA to

avoid saturating the detectors. Detector positions were

selected based on the opening angle of the beam from the

X-ray tube. Unfortunately, due to the presence of support

equipment for the pump, the same detector source spacing

could not be used for all of the detectors [see Hassan

(2005) for details].

Technical parameters of the system (high voltage, cur-

rent, detection area, etc.) were optimized to ensure a good

signal-to-noise ratio and thus to reduce the measurement

error. Simulation codes such as VXI (Freud et al. 2006) and

Macalu 7 (Tola 1996) were used for this purpose. Practi-

cally the measurement error is inversely proportional to

X-ray intensity (defined by the tube current) and the

measurement time. Because the high rotational speeds limit

the measurement time, we used the maximum tube current

at the lowest acceptable tube high voltage to maximize the

contrast.

Signals issuing from X-ray detectors as well as signals

from the position sensor, and pressure sensors situated at

the housing of the machine were acquired simultaneously.

The acquisition was performed with a National Instruments

Fig. 1 Sketch of the experimental hydraulic loop

Fig. 2 Inducer’s schematic upper view with X-ray path and detectors

localized
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[NI] acquisition card (PCI 6033) using Labview. The

acquisition frequency is 5,000 Hz at each detector, thus

permitting to acquire 75 projections during one complete

rotation of the inducer. This reflects a measurement time in

the order of 200 ls per projection. The presence of a ref-

erence detector situated between the X-ray tube and the

machine is shown on Fig. 3. The purpose of this detector is

to monitor the X-ray beam, and the acquired signal is used

for treating instabilities in the X-ray beam. These fluctua-

tions are related to the high-voltage generator of the X-ray

tube. The procedure to eliminate the fluctuations has been

previously described (see Hassan et al. 2005a, b, 2008).

The main idea is to perform a double calibration in order to

determine the vapor fraction: one for the angular position

h, and another for the variations of energy and flux pro-

vided by the reference detector. Therefore, the void frac-

tion measured at a time t, in an angular position h, by a

detector d is given by:

bd h; tð Þ ¼ 1�
ln

Id
0

h;Iref ;tð Þ
Id h;Iref ;tð Þ

� �

ln
Id
0

h;Iref ;tð Þ
Id
1

h;Iref ;tð Þ

� �

3 Results and discussion

3.1 Statistical analysis for different sensors

Data acquisition was performed during 10 s for each

experimental pressure setting. This corresponds to 50,000

samples for each detector. A statistical analysis is per-

formed on the signals recorded by the 10 detectors. In what

follows the mean, standard deviation and their ratio are

studied. Firstly, the statistical convergence of the mean and

the standard deviation is analyzed for certain typical cases

of flow (Fig. 4a, b).

The Fig. 4a shows the evolution of the ratio of the mean

void fraction on a certain number of samples N divided by

the value obtained on the total acquisition time (50,000

samples). The results presented in the figure (given as a

representative example) are measured in the case of a

nominal flow (Q/Qn = 1) and at the extremity points of a

cavitation cycle. We use the signal issuing from the

detector (D3), i.e., a sensor situated near the fixing arma-

ture of the machine (see Fig. 3). The cavitation parameter

(r) for the two chosen points is, respectively, 0.0456 and

0.0056. The first corresponds to high-pressure conditions at

the beginning of the cavitation cycle while the second

corresponds to very low pressure at the end of the cycle.

From these results, we notice that the mean converges

more rapidly when cavitation is low, i.e., at high pressure,

than at high cavitation. However, admitting a 3 % uncertainty

interval, the mean could be considered converged after only

5,000 samples in the two cases. This value corresponds to 1 s

of acquisition what corresponds to 66 rotations of the inducer.

The Fig. 4b presents the convergence of the standard

deviation of the fluctuations of void fraction fluctuations

obtained for the same case previously discussed (Fig. 4a).

Here also, admitting a 3 % uncertainty interval, we could

consider that after 10,000 samples (2 s of acquisition, 132

rotations of the impeller), the standard deviation of the void

fraction is converged.

Detectors rack:
D1 (top) to D10 (under)

Fig. 3 Employed measurement

system [inducer’s front view;

from Ref. (Hassan et al. 2008)]
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These two results permit us to consider our data as

converged if we use the 50,000 samples of each acquisition

file. Furthermore, these results are useful in order to define

the minimal threshold for the number of samples to be

considered when analyzing the phase averages.

The mean value of the void fraction (calculated on

50,000 samples of each acquisition) as seen by each

detector is presented in the Fig. 5. At this stage, the reader

is informed that, all the following presented results in term

of void ratio are divided by a constant value for confi-

dentiality reasons.

The curves displayed on the Fig. 5 correspond to dif-

ferent cavitation numbers (r) for a subnominal flow

(Q/Qn = 0.9). We notice that the void fraction (in average)

is greater for small values of r. In addition the spatial

repartition of this void fraction illustrates the lofty cavita-

tion seen at the blades extremities (detectors 1, 2, 9 and

10), by the beginning of the cavitation cycle. In fact even

for high r values, we have a non-negligible mean void

fraction at the blade extremities while near the center the

values are close to zero.

When r decreases, the mean void fraction increases

anywhere in the machine. We notice particularly, near the

center of the impeller, that the mean void fraction attains

huge values in some zones. This illustrates the presence of

cavitation pockets attached to the blades. Simultaneously,

the void fraction at the extremities of blades (tip vortex

cavitation) may reach their maximum value just before the

end of the cycle. However, it stabilizes at a lower value at

the end of the cycle. At this moment the head drop and the

tip vortices intensity decreases and thus the associated void

fraction also. We should note that in the central zones, the

void fraction continue to increase till the end of the cycle

showing that the sheets attached to the blades increase

continuously although the head drop.

The void fraction values obtained—even though they

are spatially averaged along the X-ray measurement line—

show that the sheets attached to the blades are not exclu-

sively constituted of vapor. Therefore, we should take into
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deviation of the void fraction for Q/Qn = 0.9
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account some effects related to the non-equilibrated thermo

dynamical change of phase in order to explain the com-

position of these cavitation sheets.

In the same manner, the Figs. 6a and 7a show the same

results for nominal flows Q/Qn = 1 and Q/Qn = 1.1.

Qualitatively, we could deduce the same conclusions as

for the subnominal flow Q/Qn = 0.9. We observe the same

global tendencies provided that the maximal values of void

fraction are lower.

The Figs. 5b, 6b, 7b describe the values of the standard

deviation of the fluctuations of the void fraction. Again,

from a qualitative point of view, their behavior is similar to

that of the mean void fraction. We notice always that

maximum values are found at the blade extremities. The

fluctuation level drops on these extremities before the end

of the cavitation cycle due to the head drop of the machine.

In addition, the attached sheets show more fluctuations in

the void fraction as r decreases. The maximum values

obtained are very close as considering the nominal flows

Q/Qn = 0.9 and Q/Qn = 1.0 while for Q/Qn = 1.1 a more

less (approximately the half) fluctuation rate is found.

In general, we can remark a certain dissymmetry on the

Figs. 5 and 7 on the extremity detectors (1 and 2 as well as 9

and 10). This is particularly visible for the measurements with

low r, where at the extremity of the machine (9 and 10) the

void fraction fluctuates more than its symmetric detector.

This dissymmetry is induced by the particular geometry of the

impeller that does not offer the same field of view for

detectors positioned symmetrically with respect to axis.

3.2 Global statistical analysis on the machine

In previous paragraphs, we presented the spatial repartition

of mean values and the temporal fluctuations of the void

fraction. Aiming to perform an analysis more focused on

the behavior of the ‘‘system’’ of the cavitating inducer, we

are interested now in the measured global values of the

void fraction. In order to attain this goal, we will proceed in

three different manners:

• At first by averaging point by point the values in the

signals issuing from the 10 detectors. The obtained

signal gives us an idea of the global void fraction in a

considered zone of the machine. This averaging

operation is achieved by giving to each detector a

weight (coefficient) corresponding to distance covered

by the X-ray beam in the flow. However, this represents

a simpler way to take into account the quantity of fluid

present in the field of view of each detector.
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• The second manner is to determine the average only on

the six (3 ? 3) central detectors. This permits to take

into account the influence of cavitation sheets attached

on the blades. This technique permits us to have an

idea-less global than the first-allowing a quantitative

description of the effect of these sheets and to relate the

fluctuations of the void fraction in the central zone to

the unstable behavior of the flow for some particular r
values which characterize cavitation inducer instability.

• The third technique is to achieve the average on the

four (2 ? 2) lateral detectors. This permits to study the

influence of tip vortices.

The Fig. 8 presents the evolutions of the mean void

fraction, the standard deviation of the fluctuations of the

void fraction and the ratio of these two quantities,

respectively. The data shown in this figure are determined

via the first technique that is to calculate the global mean

(10 detectors). The evolutions are shown as a function of

the cavitation parameter r for the three different flows

tested.

We perceive on the Fig. 8a that the mean void fraction

attain higher values for the cases Q/Qn = 0.9 and

Q/Qn = 1.0 than that for Q/Qn = 1.1. In the case where

Q/Qn = 0.9, the growth of the void fraction takes place

rapidly in the zone where r is between 0.0040 and 0.008

(0.004 \ r\ 0.008). However, the void fraction drops for

the very low values of r. Therefore, in this case, where

the incidence of flow with respect to the blade is high

(Q/Qn = 0.9), a very rapid growth of cavitation sheets

takes place, leading to a head drop that decreases the void

fraction at the end of the cavitation cycle.

Now taking into consideration the fluctuations of the

void fraction and more particularly their relative values

(Fig. 8c), we observe that the three nominal flows have a

qualitatively comparable behavior provided that the rela-

tive level of fluctuations decreases with r. Matching these

results with what shown in the Fig. 6b, in which we could

notice that the level of fluctuations increase when r
decreases, we conclude that the growth of the global void

fraction is faster than the associated fluctuations. Yet, we

are not able to distinguish the relative influence of different

zones of the machine in this global cavitation behavior.

However, to achieve this, we are going to study the other

two averaging methods.

Figures 9a and 10a show the evolution of the mean void

fraction as a function of r for the three nominal flows

studied, taking into account the central detectors (Fig. 9)

and the lateral (Fig. 10) separately.

The difference in the behavior is clearly apparent. The

central detectors assess a void fraction that increases con-

tinuously as r decreases. This illustrates well the phe-

nomenon of growth of sheets attached to the blades. On the

other hand, for the lateral (extremity) detectors, we notice

an increase in the void fraction at the beginning followed

by a drop in the values related to the drop in the perfor-

mance of the machine and to the tip vortices that are sit-

uated in an intense pressure gradient zone.

The void fraction growth is fast for Q/Qn = 0.9, while it

is slower for Q/Qn = 1.0 and it is very slow for

Q/Qn = 1.1. In fact, the more the flow rate is low and the
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higher its incidence with respect to the blade, then the

tendency for functioning in extreme conditions concerning

the hydrodynamics of blades is higher.

Figures 9b and 10b illustrate the behavior of the stan-

dard deviation of the fluctuations of the void fraction. For

the central zone (Fig. 9), we observe a regular increase in

fluctuations rate as r decreases. Alone, the flow at

Q/Qn = 0.9 show a singularity under the form of a peak in

the proximity of r = 0.0065. While for the extremities

(Fig. 10), the situation is more complex. Here, we notice a

peak of fluctuation at r = 0.0065 for Q/Qn = 0.9, while

for Q/Qn = 1.0 the peak is at r = 0.0060 and for

Q/Qn = 1.1 the peak is at r = 0.0055. This peak of fluc-

tuation in the external part of the machine could be related

to a coupling effect between the tip vortices and some

modes related to the blades attached sheets.

In fact this zone corresponds entirely to the appearance

of certain hypo-synchronous instability modes (Q/Qn =

0.9) or hyper synchronous (Q/Qn = 1.0 and Q/Qn = 1.1)
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for cavitation pockets attached to the blades. Thus, it is

probable that a non-stationary coupling related to the par-

tial installation of this non-stable modes creates these peaks

of fluctuations.

Expressing these fluctuations relatively to the mean void

fraction as in the Figs. 9c and 10c, we observe a more con-

tinuous evolutions except for the external part of the machine

(Fig. 10c) for the nominal flow Q/Qn = 1.1. Whatever the

flow rate and the zone of the machine are, the relative level of

fluctuation is very high. Therefore, we note that the sheets

formed at the beginning of the cavitation cycle turn out the

highest relative variations of the void fraction.

3.3 Spectral analysis

This paragraph treats the spectral analysis carried out in

order to validate the X-ray measurement technique and to

obtain information about the cavitation instabilities in the

machine. In this paragraph, we are taking into consider-

ation only the case with the nominal flow Q/Qn = 1.0.

Measured signals are sampled at a frequency of 5 kHz

while the analysis is performed on 50,000 points, which

corresponds to 10 s of acquisition.

The principal aim of the present work (concerning

spectral analysis) consists in two points:

At first, we will validate the X-ray absorption technique

by comparing the void rate spectra obtained by the present

X-ray measurements to those obtained classically by means

of wall pressure sensor near the impeller housing.

Secondly, we will describe the vapor dynamics inside

the impeller by the use of the X-ray absorption spectra.

Figure 11 shows the spectral analysis of a signal pro-

vided by a pressure sensor fixed on the housing. These

spectra are normalized in a manner that they have the same

area, thus permitting to compare them qualitatively inde-

pendently of the respective energy of the signal that they

represent. However, the different intensity of peaks of

spectra could not be compared directly with each other in

terms of the spectral density of energy.

From these results, we notice well that the spectrum for

r = 0.013 have a peak at the frequency f0 and another peak

at the frequency 4f0 (f0 = 66.6 Hz and 4f0 = 266.4). In

addition, the spectrum for r = 0.0082 have a principal

peak at 2f0 (2f0 = 133.2 Hz) associated with a lower

amplitude peak at f0.

Concerning the mode 3 (r = 0.0044), we have a peak at

the frequency f0 and a peak at the hyper synchronous fre-

quency f = 76 Hz which corresponds to the hyper syn-

chronous factor a = f/f0 = 1.15 for the considered r. The

mode 4 (r = 0.0033) shows a principal peak at f0.

Taking into account the results obtained from the pres-

sure fluctuations, we will now compare—at the same

functioning points—the spectra of fluctuation of the void

fraction measured by the X-ray detector D1 (First detector

at higher extremity of the machine). These spectra are

represented on Fig. 12 both with the corresponding pres-

sure spectra for confrontation purpose.

The Fig. 12a presents the spectrum of the void fraction

compared to that of the pressure sensor for the cavitation

mode 1. At first, we notice that the peak f0 is present in the

spectrum, and thus, the structures rotating at this frequency

are well seen by the X-ray detector. However, in the same

spectrum, we observe a peak at 100 Hz that represents a

noisy content. This is related to the fluctuations of the

X-ray beam intensity. A treatment method for these vari-

ations is presented in previous publications (Hassan et al.
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2008; Hassan 2005). At the frequency 4f0, we could notice

the peak in spectrum, illustrating that the cavitation mode

is well detected by the X-ray detector.

The Fig. 12b is equivalent to Fig. 12a, but it is showing the

cavitation mode 2. Here, the two detectors (pressure and

X-ray) perceive a peak at the frequency f0. Furthermore, the

alternating cavitation mode is well seen at the frequency 2f0
by the X-ray detector. The spectrum of the void fraction

present also a peak at 4f0 which is not seen by the pressure

sensor. The presence of this peak is normal in regard to the

void fraction since the alternating cavitation mode is syn-

chronous, and thus, we should have peaks at f0, 2f0 and 4f0 as

components of the signal of the void fraction. However, the

fluctuation component of the pressure at 4f0 is very small thus

making its detection less precise with the pressure sensor.

The Fig. 13a treats the case of the cavitation Mode 3,

which is a hyper synchronous mode. The two detectors

describe well the spectral content of this mode. Moreover,

the X-ray detector shows more sensitivity to the component

4f0 as compared to the pressure sensor.

The spectral analysis of the last mode of cavitation

Mode 4 is presented in the Fig. 13b. The peak corre-

sponding to the frequency f0 is well present in the spec-

trum. Again the 4f0 component could be noticed in the

spectrum of the void fraction obtained by the X-ray

detector while it could not be seen via the pressure sensor.

We can then conclude that for this flow, we denote four

principal modes of cavitation in what concerns the blades

attached cavitation sheets [see reference (De Bernardi

1996) for a description of the mode dynamics]:
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1. Mode 1 this mode corresponds for the range r = 0.013

and in the neighborhood. In this case, we have

cavitation at the extremities of the blades related to

the tip vortices and four pockets are attached to the

blade body. The spectral content of this mode show

principally two frequencies, f0, the rotation frequency

and, 4f0, the frequency of blades.

2. Mode 2 In the range of r = 0.0082 and in the

neighborhood. Here, we have an alternating cavitation

consisting of two large sheets and two small ones, all

attached to the blades. The phenomenon is synchro-

nous with respect to the rotation frequency, but it

generates in addition a frequency 2f0 corresponding to

the passage of large and small pocket as viewed by a

fixed observer.

3. Mode 3 this corresponds to r = 0.0044 and in the

neighborhood. In this case, we have three large sheets

and a small one. In addition, this cavitation phenom-

enon is not synchronous with the rotation frequency of

the machine. The cavitation structures rotate slightly

more rapidly than the machine in a fixed reference. So

here, we are in a hyper synchronous mode generating a

frequency of af0, where a varies between 1.1 and 1.5

depending on the value of r considered in the zone

where this mode is active.

4. Mode 4 r = 0.0033 and in the neighborhood. This

mode corresponds to the end of the cavitation cycle. It

is constituted of 4 large sheets attached to the blades,

rotating at the same rotation frequency of the machine.
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and that measured by detector

D1. a r = 0.0156.
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It generates principally a spectral component of

frequency f0.

In order to help the overall understanding of the flow

structuration inside the inducer, we will present an

example of the diphasic structure inside the inducer. An

instantaneous picture taken in front of the inducer flow

for r = 0.0044 (Mode 3—Hyper synchronous) is dis-

played on Fig. 14. The vapor structuration is clearly

described on this picture in which the three large sheets

and the fourth small one attached to the blades are

clearly identifiable (Mode 3). Tip vortices cavitation is

also visible at the inducer’s periphery which explains the

higher observed void ratio when using only extremes

detectors (D1, D2, D9, D10). This is illustrated on

Figs. 5a, 6a, 7a, 8a, 9a and 10a.

4 Conclusion

The vapor fraction in the machine was measured despite

technical difficulties related to the complex geometric

design of the inducer and its high rotation speed. Adequate

procedures were developed to treat fluctuations in the

measurements due to X-ray beam instabilities.

Important information concerning the amount and the

repartition of the vapor in the cavitating inducer has been

obtained using X-ray absorption method. These results are

original and innovative. They may help the global under-

standing of the cavitation dynamics in this kind of turbo-

machine and especially produce important non-stationary

data for the numerical simulation of such complex flows.

As a conclusion to this approach, we can consider that

the spectral analysis of the instable modes of cavitation

could be achieved via the analysis of the void fraction

measured by the X-ray detectors. The detection quality of

the X-ray detector is superior to that of the pressure sensor

in addition it offers the possibility of more deep analysis

leading to a deeper comprehension of the cavitation phe-

nomenon in the inducer. However, more information could

be obtained via the analysis of the tomographic recon-

struction of the repartition of the void fraction in the

machine. This task can be achieved using a phase aver-

aging process leading to a 2D void fraction distribution

without instantaneous temporal information. At the oppo-

site, the present work presents a spatially integrated

instantaneous analysis.
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