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a b s t r a c t 

Cavitation is a complicated multiphase phenomenon, where the production of vapor cavities leads to 

an opaque flow. Exploring the internal structures of the cavitating flows is one of the most significant 

challenges in this field of study. While it is not possible to visualize the interior of the cavity with visible 

light, we use X-ray computed tomography to obtain the time-averaged void fraction distribution in an 

axisymmetric converging-diverging nozzle (’venturi’). This technique is based on the amount of energy 

absorbed by the material, which in turn depends on its density and thickness. Using this technique, two 

different partial cavitation mechanisms are examined: the re-entrant jet mechanism and the bubbly shock 

mechanism. 3D reconstruction of the X-ray images is used (i) to differentiate between vapor and liquid 

phase, (ii) to obtain radial geometric features of the flow, and (iii) to quantify the local void fraction. The 

void fraction downstream of the venturi in the bubbly shock mechanism is found to be more than twice 

compared to the re-entrant jet mechanism. The results show the presence of intense cavitation at the 

walls of the venturi. Moreover, the vapor phase mixes with the liquid phase downstream of the venturi, 

resulting in cloud-like cavitation. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Cavitation in a flow occurs when the static pressure in the flow

alls below the vapor pressure of the liquid, resulting in the forma-

ion of vapor bubbles. In many hydrodynamic applications, such as

hip propellers, hydro turbines or diesel injectors, cavitation often

annot be avoided due to their operating conditions. If a cavitation

ubble or cloud collapses close enough to a solid wall, it will pro-

uce a high-speed micro-jet and shock waves, which can result in

rosion ( Franc and Michel, 2006; Dular and Petkovšek, 2015; Peng

t al., 2018 ). Understanding the correct cavitation physics is impor-

ant because then the adverse consequences such as erosion can

e diminished. 

It is of great importance to understand the development and

ynamics of local void fractions in cavitating flows. Among the

tudies on cavitation, high-speed visualization is the most popular

echnique to investigate the cavitation evolution ( Laberteaux et al.,

998; Chen et al., 2015 ). Simple optical methods are limited to in-

estigating cavitation occurring close to the wall region. However,

uantitative information regarding the void fractions is difficult to

btain from high-speed imaging, because the cavitation bubbles
∗ Corresponding author. 
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lock and scatter light and thus make the flow opaque ( Dash et al.,

018 ). Due to the lack of penetrability of visible light in such op-

ically opaque flows, advanced alternative techniques have been

eveloped over the years to quantitatively characterize the phe-

omena occurring in the interior of the flow and to quantify void

ractions. Broadly, these techniques include optical probes, Electri-

al Capacitance Tomography, Radioactive Particle Tracking, (X-ray/

amma ray) Computed Tomography (CT), Magnetic Resonance

maging, with each technique having its advantages and limita-

ions. Quantitative non-intrusive techniques have been reviewed

n literature ( Chaouki et al., 1997; Kastengren and Powell, 2014 ).

mpedance tomography systems have been developed to investi-

ate multiphase flows, and they are reviewed by Holder (2004) .

mpedance tomography systems are relatively cheap, but such sys-

ems are limited by the number of electrodes that can be located

n the boundary. This limits the spatial resolution that can be

chieved in the reconstruction. Gamma and X-ray imaging have

een used to study multiphase flows such as cavitating flows and

ubbly flows. X-ray imaging has been demonstrated as a valuable

echnique to quantify the void fractions in various cavitation re-

ated studies ( Bauer et al., 2012; Mäkiharju et al., 2013; Mitroglou

t al., 2016; Khlifa et al., 2017 ). Void fractions are of high impor-

ance for the understanding of shedding behavior in periodic cav-

tation. Recently Ganesh et al. (2016) found that under particular

https://doi.org/10.1016/j.ijmultiphaseflow.2019.103085
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijmulflow
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijmultiphaseflow.2019.103085&domain=pdf
mailto:C.Poelma@tudelft.nl
https://doi.org/10.1016/j.ijmultiphaseflow.2019.103085
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Fig. 1. Dimensionless frequency of the cavitation shedding cycle as a function of 

the cavitation number for the venturi, replotted from Jahangir et al. (2018) . The 

red arrows show the cavitation numbers selected for the CT reconstruction. (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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1 The vapor pressure is calculated using the Antoine equation at the temperature 

measured during the experiments (18 ◦C - 26 ◦C). 
conditions a condensation shock can be the dominant mecha-

nism for periodic cavitation shedding, instead of the re-entrant jet.

Time-resolved X-ray densitometry was used to investigate the local

void fractions in the flow field. They found that void fractions in-

crease with an increase in cavitation intensity. These experiments

were performed on a 2D wedge. A converging-diverging nozzle

(‘venturi’) is used in this study. Due to its high contraction ratio,

a broader cavitation dynamic range can be attained. However, by

using a standard 2D X-ray densitometry system, only information

integrated along lines of sight about the void fraction within the

region of interest can be determined from a single viewing angle.

It is unlikely to obtain information regarding the structures inside

the cavitation. 

X-ray CT is widely used in medical imaging. It uses the re-

lation between the material properties and the attenuation coef-

ficient of X-rays. Images are created using the attenuation along

the beam paths recorded at various viewing angles. This capabil-

ity inspired the idea to use X-ray CT to measure the void frac-

tion distribution and radial geometric characteristics in the flow.

Bauer et al. (2012) did the first study to investigate an internal cav-

itational flow with the X-ray CT-scanner on a purpose-built noz-

zle. Mitroglou et al. (2016) also performed X-ray CT measurements

on a smaller scale nozzle ( D = 3 mm). From both of these studies,

the obtained time-averaged CT images gave useful insights on the

flow structures inside the nozzle. However, all the previous studies

which investigated the internal cavitational flow were performed

on nozzles, to the best of authors knowledge. Using a nozzle with

a constant diameter, it is impossible to obtain different partial cav-

itation regimes. 

Jahangir et al. (2018) used a venturi in combination with

high-speed visualization to distinguish between two partial cavita-

tion regimes: the re-entrant jet mechanism and the bubbly shock

mechanism. The authors further showed that the non-dimensional

frequency (Strouhal number) can be used to identify the two par-

tial cavitation regimes. The Strouhal number ( St ) is defined as: 

St = 

f D 0 

u 0 

, (1)

where D 0 is the throat diameter, the shedding frequency of the

cavitation clouds is given by f and u 0 is the free stream velocity

of the flow in the venturi throat. In Fig. 1 , the Strouhal number

( St ) is shown as a function of the cavitation number. The cavita-
ion number ( σ ) is defined as: 

= 

p − p v 
1 
2 
ρu 

2 
0 

, (2)

here p is the downstream pressure, p v is the vapor pressure 1 of

he liquid at the temperature of the setup and ρ is the density

f the fluid. The shedding frequency was determined using high-

peed shadowgraphy. Details can be found in Jahangir et al. (2018) .

he study found that all points collapsed on a single curve, with

he shedding frequency being a function of cavitation number.

rom visual inspection of the shadowgraphy data taken for various

ases in Fig. 1 , two different cavitation mechanisms were identi-

ed as a function of cavitation number: for σ > 0.95 cloud cavita-

ion shedding is governed by the re-entrant jet mechanism. For σ
 0.75 cloud cavitation shedding is governed by the bubbly shock

echanism. The cavitation region in between is governed by both

echanisms, so it is called the transition region. In this study,

e will examine the void fractions using X-ray CT in the above-

entioned regimes using the same geometry (see also Fig. 2 , dis-

ussed in detail later). To that end, one of the representative case

rom both the re-entrant jet mechanism and the bubbly shock

echanism will be used for the determination of void fractions.

 case with the cavitation number of σ = 1 from the re-entrant

et mechanism is selected and another case with σ = 0.40 from

he bubbly shock mechanism is selected (shown with red arrows

n Fig. 1 ). 

The advantage of the X-ray CT is that it does not only measure

he spatial average of the void fraction like it would be for stan-

ard X-ray imaging, but the void fraction distribution along differ-

nt cross-sections of the venturi. The data is essential to validate

ur assumptions regarding the physical mechanisms. Furthermore,

t is currently being used to validate numerical models. 

The manuscript is organized in the following manner. The ex-

erimental details are described in Section 2 , while Section 3 ex-

lains in detail the data processing and methods used to explain

he flow dynamics. The calibration and results are reported in

ection 4 . The conclusions follow in Section 5 . 

. Experimental details 

.1. Flow facility 

A schematic overview of the flow setup utilized for the exper-

ments is represented in Fig. 2 . The flow in the closed-loop sys-

em is driven by a centrifugal pump, and a flowmeter (KROHNE

owmeter, type: IFS 40 0 0F/6) is used to measure the volumetric

ow rate (Q). The measurements from the downstream pressure

ransducer (calculated from P 3 in Fig. 2 ), the flowmeter, and the

emperature sensor are used to determine the cavitation number.

 water column present at an angle (due to space constraints) is

sed to collect the air bubbles entrained in the flow during de-

asification, and to vary the global static pressure of the system.

 vacuum pump is used to control the global static pressure be-

ow ambient pressure down to 20 kPa absolute. The experimental

etup shown in Fig. 2 had to be reoriented for the X-ray imag-

ng measurements compared to shadowgraphy measurements per-

ormed by Jahangir et al. (2018) due to space restrictions of the X-

ay facility. Therefore, the entrance length had to be reduced from

0D to 10D. Nevertheless, the flows from the two experiments for

he same cavitation number were confirmed to be equivalent, as

he pressure loss coefficients across the venturi ( K ) were alike for

oth cases (explained in Section 4 ). The pressure loss coefficient K
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Fig. 2. Schematic overview of the experimental facility indicating essential components (dimensions not to scale). The inset shows the geometry and relevant dimensions of 

the converging-diverging section. 
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s given by: 

 = 

�p 
1 
2 
ρu 

2 
0 

, (3) 

here �p is the pressure loss over the venturi (calculated from P 1 
nd P 2 in Fig. 2 ). A visual examination also established symmetry

f the top and bottom halves of the time-averaged shadowgraphy

mages by placing a mirror at an angle of 45 ◦ below the venturi in

he horizontal configuration. The side-view and the bottom-view

ere visualized simultaneously, in order to verify whether the cav-

tation dynamics are axisymmetric. No significant difference was

ound, therefore effects due to gravity can be neglected. 

In Fig. 2 (inset), a picture of the venturi can be seen with

ts geometrical parameters. The venturi is milled out from a

lock of polymethylmethacrylate (PMMA) and has a throat di-

meter ( D 0 ) of 16.67 mm. The convergence and divergence an-

les are 18 ◦ and 8 ◦ to the axis, respectively (inspired by pre-

ious studies: Long et al. (2017) , Hayashi and Sato (2014) , and

omov et al. (2016) ). An area ratio of 1:9 (area of the throat versus

xit area) is chosen. The flow direction is from bottom to top in the

enturi. Further details on the experimental setup can be found in

ahangir et al. (2018) . 

.2. Experimental procedure 

A vacuum pump is utilized to degasify the water before the ex-

eriments. A water sample is taken for the determination of the

as content in the system using an oxygen sensor (RDO PRO-X

robe). After running the setup for 60 minutes at lower ambient

ressure with cavitation, the oxygen content reduces from over-

aturated to approximately 40%. All the measurements were per-

ormed at approximately the same oxygen content. 
The setup is run for 5 minutes before the measurement series

s started, in order to mix the water in the system and to obtain a

niform water temperature. The global static pressure of the sys-

em is fixed at a prescribed value. The measurements are started

hen the pressure readings are constant. For the specified global

tatic pressure, measurements are conducted at different flow ve-

ocities. A data acquisition system is used to record all the sensor

alues (pressure, flow rate, and temperature). X-ray images (ex-

lained in the upcoming paragraph) are recorded simultaneously.

n the end, the oxygen content is measured again by taking a wa-

er sample from the setup. 

.3. X-ray imaging 

In this study, the cavitating flow inside the venturi was mea-

ured using X-ray imaging. The X-ray setup originally consisted of

hree standard industrial type X-ray sources (Yxlon International

mbH) with a maximum energy of 150 keV working in cone beam

ode. Each X-ray source generates a cone beam that can be de-

ected by a detector plate on the opposite side of each X-ray

ource. For this study, the experiments were performed with one

-ray source and one detector plate to obtain the projected 2D out-

ut signals from the 3D cavitating flow. 

Fig. 3 (a) and (b) show a photograph of the measurement sec-

ion in the X-ray setup and schematic overview of the method,

espectively. A source-detector pair is used to measure the atten-

ation of the X-rays through the cavitating venturi. For the ex-

eriments, the venturi is placed (inclination ± 1 mm/m) in the

enter of the setup and 323 ± 2 mm from the X-ray source and

84 ± 2 mm from the detector plate. The X-ray source (Yxlon-Y.TU

60-D06) has a tungsten anode. The source is operated at 120 keV

nd 5 mA in order to achieve a high contrast between the liquid
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Fig. 3. The basic arrangement and components of the X-ray setup and the flow facility. (a) Test-rig inside the X-ray setup. (b) Schematic of the X-ray imaging method with 

the source on the left, the measurement section in the middle, and the detector on the right indicating the intensity (dimensions not to scale). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Time-averaged X-ray images of cavitating flow in the venturi: (a) raw time- 

averaged image obtained from the detector, (b) corrected image after removing 

black lines, and (c) the image obtained after background correction as well as ad- 

justed to improve contrast (vapor is light gray, liquid is black). In all the images, the 

bulk flow occurs from the left to right. 

o  

t  

r  

(  

t  

d

 

o  

i  
and vapor phases within the venturi. The flat detector, Xineos-3131

CMOS model, consists of a 307 × 302 mm 

2 sensitive area. The de-

tector provides the total photon count in the range of 40–120 keV.

For the experiments, a field of view of 1548 × 660 pixels is cho-

sen. Each pixel has a size of 198 × 198 μm 

2 with 14 bits of pixel

depth. 

The entire experimental procedure was controlled with a work-

station outside the setup room (closed with a lead sheet) guar-

anteeing a safe working condition. Using the workstation, it was

possible to trigger the X-ray source and read out the signals from

the detector plate. Further details on the X-ray setup and the

measurement technique can be found in Mudde et al. (2008) ,

Maurer et al. (2015) , and Helmi et al. (2017) . The X-ray images

are recorded at 61 Hz during approximately 1 minute, which cor-

responds to 3700 images. Afterwards, these images are averaged.

All results reported in the present study are based on the time-

averaged X-ray images. As the typical shedding frequency is 40 Hz

at σ = 0.46, this ensures that the statistics are based on sufficient

shedding cycles. 

3. Data processing 

3.1. Image processing 

The raw images acquired by the X-ray detector need several

post-processing steps (black lines correction, background subtrac-

tion, and image adjustment) before they can be used to explain

the cavitation dynamics. All of the following steps were performed

using Matlab R2017a (The Mathworks Inc., Natick, USA) and the

process is depicted in Fig. 4 . Due to the orientation of venturi in

the experimental setup, the images obtained from the X-ray detec-

tor show the venturi in a vertical position. The X-ray images were

rotated by 90 ◦; therefore, the bulk flow is from left to right in all

images shown in the paper. 

The detector plate is constructed by a combination of smaller

detector elements. Due to this construction, multiple black lines

appear on the obtained images, as shown in Fig. 4 (a). These black

lines consist of a single pixel in either direction (vertical direc-

tion and horizontal direction), and they do not contain any data.

These were replaced with intensities by linear interpolation of the

pixel intensities on either side of the lines, as shown in Fig. 4 (b). In

the X-ray images, the vapor phase has higher grayscale intensities,

while the liquid phase has lower grayscale intensities. This hap-

pens because the presence of vapor leads to lower attenuation of

the X-rays along its path length (explained in Section 4.2 ). A back-

ground correction is performed for the X-ray images, for which

background images with only the liquid phase without flow are

captured. In order to improve the contrast, an image adjustment
peration is performed on images. This process involves rescaling

he grayscale intensities in order to have 1% of the data being satu-

ated at high intensities and 1% of the data covering low intensities

 Fig. 4 (c)). This arbitrary scaling has no influence on the quantita-

ive void fraction, as this is based on a separate calibration proce-

ure (discussed in Section 4.2 ). 

As the vertical axis is not used (as will be discussed later), its

rigin is set arbitrarily. The origin of the horizontal axis, coincid-

ng with the axial/streamwise direction, is set at the throat of the
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Fig. 5. Convergence study of the time-averaged X-ray images, using three points on 

the centerline. The relative change is less than 0.1% after 3700 images. 
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Fig. 7. Validation of the diameters from CT slices using the nominal geometry. See 
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enturi. The axial location (X) is made dimensionless using the

ength of the measured part of the diverging section (L = 9.3 cm). 

A convergence study was conducted on the X-ray data of the

avitating flow, as shown in Fig. 5 . The term on the y-axis (‘rela-

ive change’) is calculated as follows: three points along the cen-

erline are chosen: X/L = 0.11, 0.33 and 0.55, which cover regions

ontaining cavitation. The averaged grayscale intensities of these

oints are computed from the first 50 X-ray images. Subsequently,

n additional 50 images are used to calculate the new mean inten-

ities. The difference between the new and old mean, divided by

he old mean is shown as a function of the amount of total im-

ges used. The relative error reduces to less than 0.1% after 3700

mages. Hence, the sampling time of one minute allows obtaining

ufficient data for statistics with a minimum error from the mean. 

.2. Computed tomography 

CT, also known as computed tomography, makes use of

omputer-processed combinations of many X-ray measurements

aken from different angles to produce cross-sectional images
ig. 6. Schematic of post-processing procedure followed to obtain a cross-sectional CT sl

ight gray, liquid is black). (b) Sinogram created from an axial location (red line in (a)). (

rocedure. (For interpretation of the references to colour in this figure legend, the reader
‘slices’). The process of CT involves a collection of projections from

everal angles of the X-ray intensity attenuated by the object of

nterest on the detector. The collected data (‘sinogram’) is then re-

onstructed utilizing algorithms, such as filtered back projection. 

In the X-ray imaging system used in this study shown in Fig. 3 ,

he distance between the detector and the source is much larger

han the measuring area, and the viewing angle is minimal. The

ifference between the path lengths measured at the maximum

ngle and parallel to the detector is 0.1% of the parallel beam path.

herefore, the cavitation cloud is assumed to be projected to the

etector by parallel X-ray beams ( Wang et al., 2018 ). This assump-

ion is also validated by comparing the reconstructed geometry

gainst the nominal geometry, as shown in Fig. 7 (explained in the

pcoming paragraph). As the measurement section is axisymmet-

ic, we assume axisymmetry of the time-averaged flow. Fig. 6 (a)

hows a time-averaged X-ray image, the starting point for our anal-

sis. The red lines indicate the overall shape of the venturi. Note

hat we have shifted these lines outward by a few pixels so that

hey do not obscure the data. For all upcoming figures this minor
ice. (a) Time-averaged X-ray image of the cavitating venturi at σ = 0.40 (vapor is 

c) Cross-sectional CT image presented as side-view cut. See text for details on this 

 is referred to the web version of this article.) 
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Fig. 8. (a) Cross-sectional CT images at different axial positions showing growth of the cavitation cloud at σ = 0.40. The contrast in the images is adjusted individually for 

each slice for clarity. (b) Cross-section through the x-z plane, showing the presence of cavitation bubbles in the center of the liquid core downstream of the venturi. 

Fig. 9. The pressure loss coefficient ( K ) as a function of the cavitation number for 

the experiments performed by Jahangir et al. (2018) (open markers) and the present 

experiments (asterisks). 

Fig. 10. Profiles of the absolute intensities recorded on the X-ray detectors at one 

streamwise location: the venturi throat. The two cases considered are when the 

venturi contains solely air and solely water. 

Fig. 11. The logarithm of the ratio of intensities ( I X 
I R 

) versus the diameters of the 

calibration cylinders representing the actual line-integrated void fractions. The mea- 

sured grayscale intensity is based on an average of 3700 images. 

Fig. 12. (a) Time-averaged X-ray image of the calibration cylinder (air is light gray 

and liquid is black). (b) Cross-sectional CT image presented as a side-view cut with 

α = 0.995 ± 0.004. The red region indicates the presence of vapor (air in this case) 

and the blue region indicates the presence of liquid. (For interpretation of the ref- 

erences to colour in this figure legend, the reader is referred to the web version of 

this article.) 

s  
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T  
hift was used for clarity. A slice (vertical red line in Fig. 6 (a)) is

xtracted from the time-averaged image and stacked 360 times to

onstruct a sinogram of 600 × 360 pixels as shown in Fig. 6 (b).

his sinogram represents the projections from 360 ◦. This is a nec-

ssary intermediate step before CT reconstruction using the par-

icular software used here. Filtered back projection is applied to

he sinogram using the ASTRA Toolbox v1.8 ( van Aarle et al., 2016 ).

his is a flexible CT reconstruction open source toolbox which uses



S. Jahangir, E.C. Wagner and R.F. Mudde et al. / International Journal of Multiphase Flow 120 (2019) 103085 7 

Fig. 13. Video frames of bubbly shock development at σ = 0.40. The light gray regions indicate the presence of liquid and the dark gray areas indicate the presence of cavity 

(vapor). (a,b) A growing cavity can be seen (left side of sub-panels) with the previously shedded cavity (right side of sub-panels). (c) In the subsequent frame the cavity 

collapses and a pressure wave is emitted (P). (d) Cavity detachment can be observed when the pressure wave reaches the throat. 
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PU and GPU based reconstruction algorithms for 2D and 3D data

ets. In the present study, we use a CPU based implementation

f the filtered back projection (FBP) algorithm for 2D data sets. It

akes the source and detector data as input and returns the recon-

truction. For this study, just the sinogram was used as an input

nd reconstructed CT slice was returned ( Fig. 6 (c)). The reconstruc-

ion algorithm resembles the inverse operation of a forward pro-

ection. But instead of each detector getting the line integral of the

bject function, each point on the object domain receives the value

f the detector point where it projects to. So, in essence, the detec-

ive function is smeared out over the object domain. This is then

one over all projection angles summing up the values in each di-

ection ( van Aarle et al., 2016 ). 

A common cause of errors when reconstructing X-ray CT im-

ge are artifacts within the image. Conventional sources of artifacts

re beam hardening and abrupt changes in density. Beam hard-

ning is the most common artifact found in X-ray CT reconstruc-

ion. It causes the edges of the scanned measurement section to

ppear brighter than the center, even for homogeneous materials

 Ketcham and Carlson, 2001 ). This effect is caused by the differ-

nce in absorption coefficients for various wavelengths when using

 non-monochromatic source. An efficient way to decrease beam

ardening (which is more severe in metals than plastics) is filtering

ow-energy soft X-rays with metal filters. For these measurements,

o beam hardening filtration was used primarily due to the ab-

ence of metals which would result in a potential reduction in the

mage contrast imposed by extra filtration. The absence of beam

ardening is also confirmed from the calibration plot, explained in

ection 4.2 . 

Two different tests were performed to check the quality of

econstruction. A check on the diameters from reconstructed CT

lices across 14 different axial positions of the full length of empty

enturi was performed. The results were compared to the nom-

nal diameters, as shown in Fig. 7 . The diameters from CT slices

atched quite well to the nominal geometry, a maximum error of

ess than 1.2% of the local diameter was found. Another check was

ased on the distribution of void fractions α. The relative error was

ound to be less than 0.9%, as will be discussed in Section 4.2 . 

After constructing a single slice, the process is repeated and

ultiple density slices of the venturi perpendicular to the center-
ine axis are created. Fig. 8 (a) shows reconstructed slices at differ-

nt axial positions, showing growth of the cavitation cloud. Most

f the vapor is attached to the nozzle wall and persists until four

iameters downstream of the throat. This is the point where the

avity detaches during the periodic shedding, which is also con-

rmed by the high-speed images ( Jahangir et al., 2018 ). After de-

aching, the vapor cloud moves towards the center of the venturi

nd mixes with the liquid core. Fig. 8 (b) shows the cross-section

hrough the x-z plane. Fig. 8 (b) is the cross-section, and thus dis-

inct from the X-ray image of Fig. 7 (a). As can be seen in the figure,

avitation bubbles are also present in the liquid core, downstream

f the venturi. 

. Results 

With the venturi specified in Section 2 , it is possible to initiate

artial cavitation mechanisms such as the re-entrant jet mecha-

ism and the bubbly shock mechanism at different cavitation num-

ers. An overview of these cavitation mechanisms can be found in

ahangir et al. (2018) . 

.1. Pressure loss coefficient 

The strength of cavitation is expressed using the cavitation

umber. With an increase in the flow velocity, the cavitation num-

er decreases, implying more cavitation. With a decreasing cavita-

ion number, the effective throat diameter is narrowed by the pres-

nce of the growing cavity. Because of the narrowed throat diam-

ter for decreasing cavitation number, the pressure loss over the

enturi will be higher. This is visible from measurement results,

hown in Fig. 9 . Here, the cavitation number is varied by chang-

ng the flow velocity at different static pressures, and the pressure

oss coefficient K is reported. This implies that flow blockage is a

unction of cavitation number. For both the shadowgraphy exper-

ments performed by Jahangir et al. (2018) and the present X-ray

xperiments, it can be seen that all points collapse on one line.

he flows from the two experiments for the same cavitation num-

ers are therefore assumed to be equivalent, as the pressure loss

oefficients across the venturi ( K ) are similar for both cases. 
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Fig. 14. (Bottom) Time-averaged X-ray image of an experiment in the bubbly shock regime. The light gray regions indicate the presence of vapor and the black regions 

indicate the presence of liquid. The cavitation number is σ = 0.40 ( u 0 = 13.7 m/s and p = 40 kPa). (a-f) Quantitative measurements of time-averaged void fractions at six 

different locations along the venturi. 
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2 The reported value for water vapor is at standard conditions. In reality, the pres- 

sure (and density) will be lower, but this difference is negligible compared to the 
4.2. CT void fraction calibration 

Various approaches exist to obtain quantitative values of the lo-

cal attenuation coefficient (or density, for simplicity). In our case,

we opted for the following approach: images are recorded and di-

vided by a reference image ( I R ) for the case of only water. The

‘intensity’ that remains is proportional to the amount of vapor

present between source and detector, as this has a lower attenu-

ation than water. Using this reference method, all attenuation out-

side the region of interest (such as the non-axisymmetric PMMA

parts of the test section) cancels out. The images are processed us-

ing the CT algorithm, which provides a three-dimensional recon-

struction. Each voxel in this reconstruction contains information

about the local attenuation coefficient. As our approach is based

on relative X-ray image intensities, there is an unknown constant

linking voxel values and the actual local attenuation. This coeffi-

cient is obtained from calibration experiments. 
First, intensities were measured by the X-ray detector when

he venturi contained only air and only water. Densities of air

1.27 kg/m 

3 ) and water vapor 2 (0.804 kg/m 

3 ) are far smaller than

he density of water (997 kg/m 

3 ). Therefore, air is a suitable al-

ernative for water vapor because of the negligible difference in

heir mass densities and hence similar linear absorption coeffi-

ients ( Mitroglou et al., 2016; Bauer et al., 2018 ). For the calibration

ith air, the venturi was left empty and it was filled with filtered

ater for the other case. The maximum intensity was recorded as

2,580 for air, and it was 9045 for water at the streamwise plane

f the throat, as shown in Fig. 10 . Approximately 21% of the to-

al capacity of the 14-bit detector was utilized here. However, this

ange increases in the downstream direction with the increasing
difference between water vapor and water. 
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Fig. 15. Time-averaged mean and maximum void fractions of vapor as a function 

of position for σ = 0.40. 

Fig. 16. The total area covered by vapor ( A V ) and liquid ( A L ) as a function of posi- 

tion for σ = 0.40. Also shown is the local cross-sectional area of the venturi geom- 

etry. 
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3 As the intensity decays exponentially in a given medium (cf. the Lamber-Beer 

law), taking the logarithm of the intensity leads to a linear relation between atten- 

uation (and intensity) and the void fraction. 
iameter of the venturi cross-section. The wiggles in the absolute

ntensities ( Fig. 10 (inset)) are due to different sensitivities of mul-

iple pixels in the primary detector (described in Section 3.1 ) and

ot random noise. 

For purely monochromatic X-rays, this two-point calibration

ould have been sufficient to determine all possible values in be-

ween vapor/air and water. To ensure accurate results for our X-ray

ource, additional calibration experiments were performed with in-

reasing volume fractions in between the two extremes. An addi-

ional reason is that the expected void fractions are low, so we

ould be close to one of the calibration points, making the re-

ult very sensitive to calibration errors. To perform these additional

alibration experiments, empty calibration cylinders (air-filled plas-

ic cylinders) of four different diameters and negligible wall thick-

esses were inserted into the venturi, which was filled with wa-

er. The calibration cylinders were aligned with the axis of sym-

etry of the venturi. The diameters of calibration cylinders were

easured with an accuracy of ± 0.5 mm. Calibration was then per-

ormed at multiple streamwise locations by recording the mean

ntensity along the centerline of the cylinders. As the diameters

f the calibration cylinders were known, the intensity at the cen-

er of the cylinder is related to the line-integrated void fraction.

n Fig. 11 , the calibration relation is shown for seven X/L locations

elected from the full length of the venturi. The diameter of the

enturi increases with increasing X/L, which corresponds to the

ifferent attenuation of X-rays due to the presence of more wa-
er and less PMMA. However, by dividing the recorded intensity by

he reference intensity this effect of different attenuation cancels

ut. A linear fit through mean can be seen in the Fig. 11 . The stan-

ard error from the mean for the measured intensities for the var-

ous calibration cylinders was found to be less than 3.65%, which is

onsidered acceptable. The relationship obtained between the log-

rithm 

3 of the intensities in the X-ray images and the diameter

f calibration cylinders (known void fraction) is used to determine

he calibration constant, which is then used to calculate the vapor

istribution on the reconstructed CT slices (explained in the up-

oming paragraph). 

To use these calibration results of line-integrated quantities for

ur CT results, a procedure was followed that is a common method

n the X-ray community (selectively Mitroglou et al., 2016; Duke

t al., 2015; Bauer et al., 2018 ). The images from the CT recon-

truction provide 3D information. To find the void fraction for each

oxel, we collapse the data back to 2D X-ray images, i.e. projecting

he tomographic reconstruction onto a 2D plane. We can then as-

ign an integrated void fraction to each projected intensity using

he calibration curve. This integrated void fraction is subsequently

edistributed over the constructed slice, so that the sum of the

oxel values matches the projected void fraction. 

Fig. 12 (a) shows the time-averaged X-ray intensity data for a

alibration cylinder. This panel is before tomographic reconstruc-

ion i.e. a projection along the line between source and detector.

ig. 12 (b) shows the reconstructed CT slice at an axial position (red

ine in Fig. 12 (a)) with the void fractions. A very homogeneous

istribution of air can be seen. Here, α = 0.995 ± 0.004, which

hows a maximum error of approximately 0.9% with respect to real

oid fraction, which is considered acceptable. This error is associ-

ted with various facts, the most notable being: the reconstruction

ethod, which is an approximate approach, and the variation of

oise in the X-ray images. The diameter of the cylinder measured

rom the CT slice also compares very well to the known diameter

f the cylinder with an error of less than 1%. 

.3. Cross-sectional distribution of void fraction 

This section presents the quantitative void fraction measure-

ents for the bubbly shock mechanism and the re-entrant jet

echanism. The results shown are a mix of qualitative high-speed

hadowgraphy images and quantitative time-averaged X-ray mea-

urements. Their combination will assist in interpreting the flow

ehavior in the venturi. 

High-speed shadowgraphy was performed in a prior study,

hich also provides all relevant technical details ( Jahangir et al.,

018 ). A bright, uniform illumination source is placed behind the

enturi and a CMOS camera is used to capture images. Vapor bub-

les will block light and thus appear as dark spots in the image.

his way the presence and position of vapor cavities can be de-

ermined. A framerate of 90 0 0 Hz is used in combination with an

xposure time of 1/90 0 0 Hz. 

In Fig. 13 , video frames of the bubbly shock mechanism are pre-

ented. The flow direction is from left to right. The light gray re-

ions indicate the presence of liquid and the dark gray areas indi-

ate the presence of cavity (vapor). A case with cavitation number

f σ = 0.40 ( u 0 = 13.7 m/s and p = 40 kPa) is shown. In Fig. 13 (a)

nd (b), a growing cavity can be seen (left side of sub-panels) with

he previously shedded cavity (right side of sub-panels). In the

ubsequent frame, the cavity collapses and emits a pressure wave.

hen the pressure wave reaches the venturi throat, the cavity
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Fig. 17. Video frames of re-entrant jet development at σ = 1. In (a) and (b), cavity development can be seen and the re-entrant jet starts to develop. The jet front can 

be recognized by the chaotic interface, which can be seen by the arrow. The propagation of the jet front towards the venturi throat can be seen in (c). In the end, cavity 

detachment is caused by the re-entrant jet as can be observed in (d). 

Fig. 18. (Bottom) Time-averaged X-ray image of an experiment in the re-entrant jet regime. The light gray regions indicate the presence of vapor and the black regions 

indicate the presence of liquid. For this case σ = 1 (corresponding to: u 0 = 13.5 m/s and p = 90 kPa). (a-f) Quantitative measurements of time-averaged void fractions at six 

different locations along the venturi. Note the difference in the color scale compared to Fig. 14 . 
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Fig. 19. Time-averaged mean and maximum void fractions of vapor as a function 

of position for σ = 1. 
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etaches, as shown in Fig. 13 (d). This is the start of the next cy-

le of the periodic shedding process. 

The corresponding void fraction distribution slices for the bub-

ly shock mechanism are shown in Fig. 14 (a) - (f). The CT slices are

econstructed at the axial positions indicated in the time-averaged

-ray image. The flow direction is from left to right. The light gray

egions indicate the presence of a cavity (vapor) and the black ar-

as indicate the presence of liquid in the X-ray image, while the

ed regions show cavity and blue regions show the presence of

iquid in the CT slices. Quantitative measures for the total surface

rea of vapor and liquid A V and A L are also obtained for each CT

lice. The total surface area of vapor for each CT slice is given by

 V = 

∫ ∫ 
α(y, z) d yd z ≈ [ ��α( y, z )] dydz , where dy and dz are the

hysical dimensions of a reconstructed voxel. A L follows from the

ominal local cross-sectional area of the venturi, minus the area

overed by vapor. 

A core of liquid can be seen in a short distance just down-

tream of the venturi throat with a concentrated ring of cavita-

ion around it ( Fig. 14 (a)). This thin film of cavitation has the

aximum void fraction of αmax = 0.86. The center of annulus

onsists of pure liquid without any cavitation (threshold of liq-

id being set at α = 0.016, explained in Section 4.2 ). Further

ownstream of the venturi throat, the vapor film starts to become

ore like a cloud as its thickness increases, as shown in Fig. 14 (b)

nd (c). A decrease in the maximum void fraction can be seen;

owever, the average void fraction is similar in both CT slices 

 Fig. 15 ). 

The cavitation bubbles are present in the liquid core further

ownstream, hinting at the appearance of a thick cloud of va-

or, as shown in Fig. 14 (d) and (e). A diffused interface be-

ween the liquid and vapor can be also be seen. The vapor film

hich was previously attached to the circumferential wall can

ow be seen turning into a cloud and detaching from the wall

 Fig. 14 (e)). The value of αmax steadily decreases with increas-

ng X/L. The cavitation cloud becomes thicker as the liquid core

ecreases. Note that these are time-averaged void fractions. This

s relevant, in particular further downstream, as the cavitation is

ot present at each instance for a given location: it alternates be-

ween liquid and vapor ( Fig. 13 ). The instantaneous void fractions

ill likely be much higher than the time-averaged data reported

ere. 

In Fig. 14 (f), it can be seen that only cloud cavitation appears

t the exit of the venturi. The maximum void fractions ( αmax ), the

ean void fractions ( αmean ) and the total surface areas ( A V and A L )

re shown in Figs. 15 and 16 . The value of A V rapidly increases

ith the increase in axial location until X/L ≈ 0.65. Here, a maxi-

um of A V is found of 134.7 mm 

2 . With a further increase in X/L,

 slight decrease in A V can be seen. At X/L = 0.9, the value of A V is

29 mm 

2 , vapor and liquid are thoroughly mixed with an average

oid fraction of about 12% and a maximum void fraction of about

6%. 

We should not ignore the fact that some part of these void frac-

ions may be attributed to non-condensable gas, instead of just

ater vapor. The diffusion rate into the cavity is related to the dis-

olved gas content, the local cavity pressure, and the flow within

nd around the cavity ( Lee et al., 2016 ). However, to minimize this

ffect, the measurements were performed at relatively low dis-

olved gas content (described in Section 2.2 ). 

A second case is selected, but this time in the re-entrant jet

ominant regime. The video frames for σ = 1 ( u 0 = 13.5 m/s

nd p = 90 kPa) are shown in Fig. 17 . One full cycle of the re-

ntrant jet mechanism and shedding can be observed. The re-

ntrant jet develops with the growing cavity ( Fig. 17 (a) and (b)).

he re-entrant jet front can be recognized by the chaotic interface,

hich can be seen by the arrow. Then the jet front starts to prop-

gate in the direction of the venturi throat, as shown in Fig. 17 (c).
he re-entrant jet reaches the throat and the entire cavity de-

aches from the throat ( Fig. 17 (d)). This marks the start of the next

ycle. 

The corresponding void fraction distribution slices for the re-

ntrant jet mechanism are shown in Fig. 18 (a) - (f). Note the differ-

nce in color scale compared to Fig. 14 . The CT slices are similarly

econstructed at the axial positions indicated in the time-averaged

-ray image. It is evident from the X-ray image that the cavity

ength is smaller as compared to the bubbly shock case. Therefore,

he axial locations for the CT reconstruction are selected accord-

ngly. 

One thing that is clearly visible within the CT slices is that the

values for this regime are smaller than those in the bubbly shock

overned regime. Once again the core consisting of liquid can be

een in a short distance just downstream of the venturi throat

 Fig. 18 (a)). The cavitation ring at the circumferential wall is still

resent; however, its void fraction is less pronounced, compared

o Fig. 14 . Here, the maximum void fraction is 45%, which is ap-

roximately half the void fraction of the bubbly shock governed

ase. It can also be seen that the extent of the cavitation structure

s slightly growing from Fig. 18 (a) to (c) but its shape is overall

onserved. A decrease in the αmax can be seen downstream of the

enturi throat ( Fig. 18 (b)-(d)). However, the average void fraction

oes not decrease within these three CT slices. In Fig. 18 (e) and

f), the cavitation ring changes into cloud cavitation before it van-

shes. This proves once more the capabilities of this measurement

ethod. 

The maximum and mean void fractions and the total surface ar-

as are shown in Figs. 19 and 20 . A V is the same as the difference

etween A L and the nominal local cross-section area, representing

he flow blockage caused by cavitation. It is clear that the flow

lockage caused by the bubbly shock regime ( Fig. 16 ) is more sig-

ificant compared to the re-entrant jet regime ( Fig. 20 ). This agrees

ith the observed difference in pressure drop, see the values of

 in the inset of Fig. 9 . An increase in A V can be seen until X/L

0.3. Here, A V = 33.7 mm 

2 . The maximum value of A V is found

o be approximately 4 times smaller than the maximum value of

 V in the bubbly shock case. This is a major new insight, as the

igh-speed shadowgraphy showed fairly similar (time-averaged)

ata. The value of A V starts to decrease sharply as we move fur-

her downstream and reaches 17.8 mm 

2 at X/L = 0.45. Here, the

aximum void fraction is found to be 6% ( Fig. 18 (f)), which is

uite low as compared to the bubbly shock case. It also hints

t the presence of a lower void fraction downstream of the ven-

uri in the re-entrant jet regime as compared to the bubbly shock

egime. 
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Fig. 20. The total area covered by vapor ( A V ) and liquid ( A L ) as a function of posi- 

tion for σ = 1. Also shown is the local cross-sectional area of the venturi geometry. 
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5. Conclusions and outlook 

In this study, the phenomenon of cavitation was examined by

CT measurements of the flow through a venturi. Time-averaged

void fractions were obtained after a detailed image correction and

calibration procedure. More information about the cavitation de-

velopment is extracted using the cross-sectional CT measurements

as compared to the high-speed shadowgraphy. We can now quan-

tify the radial geometric features of this complex two-phase flow.

The void fraction downstream of the venturi in the bubbly shock

mechanism is found to be more than twice compared to the re-

entrant jet mechanism. Moreover, the vapor phase mixes with the

liquid phase downstream of the venturi, resulting in cloud-like cav-

itation. This data will be essential to validate our assumptions re-

garding the physical mechanisms. Furthermore, it will be helpful

for the validation of numerical studies. 

Using the CT reconstruction, we are able to explore the internal

structures of the cavitating flow and to quantify the void fractions.

The combination of high-speed shadowgraphy data and CT data

gives unprecedented insight into this complex multiphase flow. De-

spite the new insight that this approach generated, there still is a

major limitation: the current study was performed using the time-

averaged X-ray measurements; hence, further studies are needed

to investigate the transient behavior of the vapor cloud. These in-

vestigations are planned and will be performed using phase-locked

X-ray measurements. 
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