Date
Author

Address

2012
Zverkhovskyi, O., T. van Terwisga, R. Delfos and

J. Westerweel 4

Delft University of Technology T u D Ift
Ship Hydromechanics and Structures Laboratory e
Mekelweg 2, 2628 CD Delft

Delft University of Technology

Experimental study on developed air cavities under a
horizontal flat plate.

by

Zverkhovskyi, 0., T. van Terwisga, R. Delfos and
J. Westerweel.

Report No. 1886-P 2012
Proceedings of the International Symposium on Cavitation,

CAV2012, 13-16 August 2012, Singapore, ISBN: 978-981-07-2826-
7.

Page /of 1/1






_ Proceedings of the
th : : i
8" International Symposium on Cavitation
International Advisory Singapore
Board
ISBN: 978-981-07-2826-7
m Claus-Dieter Ohl, Evert Klaseboer, Siew Wan Ohl, Shi Wei Gong and B. C. Khoo

Hosted by
Published by TANIV AN
C e SMNRG GBNUS
¢ Al 70 >, UNIVERSITY prosdangey
A p—. Sponsors
RESEARCH PUBLISHING - .
Dyngmic  “zuiso <@_Z> Q> Newport [, &) Springer

TP
CUNIVIRNTY Allal“
e i i KLSEARCH

This USB Drive, or perts thereof, may rot be repreduced in any form or by eny means, el i o izel, including p PYNE, ing or eny

informstion storsge and tetrievs! system now known or to be invented, without written permission from the Publizher or the Editors.

Powered by: iTEK CMS Web Solutions © 2012 CAV 2012 Organizers & Research Publishing Services



Bubbly Flows and Cloud Cavitation

Copyright o
Welcome Message
Organizing Comniittee ™

International Advisory

Board

Keynote Speakers s

Table of Contents

Author Index ®
”

Derivation of Effective Wave Equation for Very-High-Frequency Short Waves in Bubbly Liquids
Tetsuya Kanagawa and Ryu Egashira

Generation and Transport of Bubble Clouds in High-Intensity Focused Ultrasonic Fields
Yuan Lu, Joseph Katz and Andrea Prosperetti

High Speed Observations of Bubbles from High Intensity Focused Ultrasound (HIFU)
Siew-Wan Ohl, Nigel Chong, Evert Klaseboer and Boo Cheong Khoo

Numerical Study on Collapse of a Cavitating Cloud of Bubbles
S. van Lloo, H. W. M. Hoeijmakers, T. J. C. van Terwisga and M. Hoekstra

The Influence of Imposed Strain Rate and Circulation on Bubble and Cloud Dynamics

Johannes Buttenbender and Peter F. Pelz

44DACK

© 2012 CAV 2012 Organizers & Research Publishing Services



Copyright
Welcome Message
Organizing Committee

International Advisory
Boar

Keynote Speakers
Table of Contents

Author Index

Numerical

3D Computations of Cavitating Flows using a Scale-Adaptive Turbulence Model

Jean Decaix and Eric Goncalvés

3D-1D Coupling of Compressible Density-Based CFD Solvers for Cavitating Flows
Martina Friedrich, Uwe Iben, Henning Kreschel, Romuald Skoda and Claus-Dieter Munz

A comparative study of Two Cavitation Modeling Strategies for Simulation of Inviscid Cavitating Flows

Kazem Hejranfar, Eslam Ezzatneshan and Kasra Fattah Hesary

A Fast Non-lterative Algorithm to Predict Unsteady Partial Cavitation
Morteza Behbahani-Nejad and Maziar Changizian

Bubble Formation and Emission During Phase Separation of Water and 2-Butoxyethanol Mixtures

Shuichi Toyouchi, Shinji Kajimoto and Hiroshi Fukumura

Cavitation Modeling of Thermosensitive Fluids using Compressible Phases Approach
Lionel Bergerat, Sofiane Khelladi and Farid Bakir

Combination of Bubbly Flow Model and Cavity Source Model for the Practical Numerical Simulation of
Cavitating Flows
Takeo Kajishima and Koji Marutani

Comparison of Compressible Explicit Density-based and Implicit Pressure-based CFD Methods for the
Simulation of Cavitating Flows
Romuald Skoda, Uwe Iben, Martin Giintner and Rudolf Schilling



Development of a Nonlinear Asymptotic Method for Calculation of Nearly Axisymmetric Cavitation
Flows
V. N. Buyvol and V. V. Serebryakov

Efficient Numerical Simulation of Unsteady Cavitating Flows Using Thermodynamic Tables

F. Khatami, A. H. Koop, E. T. A. van der Weide and H. W. M. Hoeijmakers

Evaluation of Cavitation Models for Prediction of Transient Cavitating Flows around a Stationary and a
Pitching Hydrofoil
Biao Huang, Antoine Ducoin and Yin Lu Young

Features of Nucleation and Growth of Gas Bubbles in Magmas

Davydov Maxim

Further Improvement of Bubble Model for Cavitating Flow Simulations

Yoshiaki Tamura, Nobuo Tsurumi and Yoichiro Matsumoto

Growth and Collapse of Laser Generated Bubbles Near a Curved Density Interface
Mark Esson

MGFM Applied to Underwater Explosion near a Thin Plate with Cavitation Evolution
Liu Tiegang, Feng Chengliang and Xu Liang

Modeling Cavitation Flow of Cryogenic Fluids with Thermodynamical Phase-Change Theories
Zhang XiaBin, Wei Zhang and Qiu LiMim

Modelling the Total Monomeric Anthocyanin (TMA) Extracted From Mangosteen Hull in Ultrasonic
Assisted Acidified Aqueous Solvent Extractions
C. Y. Cheok N. L Chin, Y. A. Yusof, R. A. Talib and C. L Law

MTBE-Degradation by Hydrodynamic Induced Cavitation
Andreas Schmid

Non-Singular Boundary Integral Method and Its Applications to Oscillating Bubbles
Qiang Sun, Evert Klaseboer, Boo Cheong Khoo and Derek Y. C. Chan

Numerical Analysis for Influence of Cascade Solidity on the Performances of Cavitating inducers

Li Xiaojun, Yuan Shouqi, Pan Xiwei and Pan Zhongyong



Numerical Analysis for Influence of Cascade Solidity on the Performances of Cavitating Inducers

Li Xiaojun, Yuan Shouqi, Pan Xiwei and Pan Zhongyong

Numerical Analysis of Axisymmetric Supercavitating Flows
Byoung-Kwon Ahn, Hyun-Gil Jang, Hyoung-Tae Kim and Chang-Sup Lee

Numerical Investigations of Nonspherical Bubble Collapse Near Boundaries by the Improved Ghost
Fluid Method
Yoshinori Jinbo, Toshiyuki Ogasawara and Hiroyuki Takahira

Numerical Method for the Analysis of Cavitating Waterjet Propulsion Systems
Shu-Hao Chang and Spyros A. Kinnas

Numerical Simulation and Analysis of Cavitating Flow in a Centrifugal Pump

Dongxi Liu, Houlin Liu, Yong Wang, Suguo Zhuang, Jian Wang and Du Hui

Numerical Simulation of Cavitation around a Two-Dimensional Hydrofoil using VOF Method and LES
Turbulence Model
Ehsan Roohi, Amir Pouyan Zahiri and Mahmud Pasandideh-Fard

Numerical Simulation of Cavitation Flow Around a Hydrofoil

Houlin Liu Jian Wang, Bixing Yin, Yong Wang, Suguo Zhuang and Dongxi Liu

On the Capability of a RANS Method to Assess the Cavitation Erosion Risk on a Hydrofoil
Ziru Li and Tom Van Terwisga

Performance Assessments for Various Numerical Cavitation Models using Experimental Data

Yaw-Huei Lee, Jing-Chin Tu, Yu-Chi Chang and Yi-Chih Chow

Periodic Phenomena on a Partially Cavitating Hydrofoil
Anne Gosset, Marcos Lema and Fernando Lépez Peda

Phase Change Model based on the Idea of Apparent Phase Equilibrium in Unsteady Cavitating Flow

Yuka Iga

Prediction of Cavitation on Two- and Three-Dimensional Hydrofoils by an Iterative BEM
Yasemin Arikan, Fahri Celik, Ali DoGrul and Sakir Bal




Welcome Message
Organizing Committee

International Advisory
Board

Keynote Speakers
Table of Contents

Author Index

Measurements

A High-Speed Towing Tank for Hydrodynamics and Cavitation Experiments
Hong-Hui Shi, Xiao-Ping Zhang, Hui-Xia Jia, Li-Te Zhang, Ruo-Ling Dong and Bo Chen

A New Cavitation Tunnel for Basic Research in CSSRC
Xiaoxing Peng, Yves Lecoffre, Wenfeng Zhao, Guoping Zhang and Lianghao Xu

Application of Image Processing Method in Water Impact Force Measurement
Menghua Zhao and Xiaopeng Chen

Cavitation Intensity Measured on a NACA 0015 Hydrofoil with Various Gas Contents
Jarle V. Ekanger, Morten Kjeldsen, Xavier Escaler, Ellison Kawakami and Roger E. A. Arndt

Concept for Optical Full-Scale Measurements of Ship Propeller Inflow and Bubble Size Distribution

André Kleinwichter, Eric Ebert, Robert Kostbade and Nils Andreas Damaschke

Correlated Multi-Parameter Detection of Flow Cavitation in a Reference Pump Loop
lan Butterworth and Mark Hodnett.

Development of a Pulsed Pressure-Based Technique for Cavitation Damage Study
Fei Ren Jy-An Wang, Yun Liu and Hong Wang

Experimental Study on Developed Air Cavities Under a Horizontal Flat Plate '
O. Zverkhovsk| Jelfos, J. Westerweel and T. van Terwisga |

Fast X-Ray Imaging for Velocity Measurements in Cavitating Flows

I. Khlifa, O. Coutier-Delgosha, M. Hocevar, S. Fuzier, A. Vabre, K. Fezzaa and W. K. Lee



Proceedings of the 8" International Symposium on Cavitation

CAV2012 - Submission No. 234
August 13-16, 2012, Singapore

Experimental study on developed air cavities under a horizontal flat plate.

O. Zverkhovskyi
TU Delft, the Netherlands

T. van Terwisga
TU Delft/MARIN, the Netherlands

SUMMARY

Developed air cavities can be used on the bottom of a ship
for frictional drag reduction. An experimental study on the air
cavity was carried out in a water tunnel. The cavity was created
under a flat plate in the turbulent boundary layer (BL) behind a
vertical cavitator.

A parameter study was performed in order to characterize
the cavity under the flow conditions. Aspect ratio, pressure in the
cavity, air losses and relevant scaling parameters were
considered.

It was found that thin cavities become unstable due to
relatively strong distortions of the free surface of the cavity. As a
result, the maximum cavity length based on a Froude number
criterion could not be reached.

INTRODUCTION

The frictional resistance makes up to some 70% of the total
resistance of a cargo ship. It provides a great motivation to
develop a technology of frictional drag reduction applicable to
ships. It is known that the creation of artificially developed air
cavities on the bottom of a ship can significantly reduce its drag
[1, 2]. This is achieved by reducing the wetted surface on a
horizontal part of the ship. One of the ways to create an air
cavity under a horizontal surface is to inject air behind a
cavitator. A cavitator is an obstruction mounted to the plate (or
ship bottom) in span-wise direction that creates a suction
pressure immediately downstream of it.

Numerous theoretical and experimental works have been
done on drag reduction by air cavities. One of the first successful
applications of this technology was reported from the Krylov
Shipbuilding Research Institute in Russia in 1960™. Theoretical
investigations of an artificially cavitating flow behind a wedge
under a horizontal plate were supported by experiments.
Nowadays, potential flow models to predict the behavior of the
free surface are available [3]. However, there are still many
questions open that need an answer before a wide practical
application of this technology will be accepted. Real flow

R. Delfos
TU Delft, the Netherlands

J. Westerweel
TU Delft, the Netherlands

conditions, such as the presence of turbulence, require a deeper
understanding of the free surface problem.

The influence of the turbulent boundary layer on the
hydrodynamic characteristics of thin air cavities is one of the
open issues. Related problems such as the required air flow rate
for creation and maintaining of such a cavity, and the resulting
drag reduction and required power for air supply (compressor
power), are investigated experimentally and reported in this

paper.

EXPERIMENTAL SET UP
Tunnel

In order to study air cavities under a horizontal plate a
dedicated flow facility is required. The cavitation tunnel at Delft
University of Technology was used as a base for conducting
experiments for the current study (a description of the tunnel can
be found in Foeth 2008). This tunnel was originally constructed
to study cavitation on propellers and wings. For the purpose of
friction drag studies with air ventilation, the cavitation tunnel
was refurbished in order to house a new test section which
allows for tests with air cavities. The old test section and the
diffuser were redesigned and replaced for this purpose. The new
test section is significantly longer than the old one which could
be achieved by shortening the diffuser.

The new test section of the cavitation tunnel is a water
channel with the rectangular cross-section (Figure 1). The
length of the channel is 2130 mm. The parallel side walls and the
bottom are made of Plexiglas plates of 35 mm. The cross-section
at the entrance is 300*300 mm. The bottom of the test section is
inclined in such a way that the cross-section at the end is
300*315 mm. This increase in depth of the measuring section is
to compensate the boundary layer growth and to keep the center-
line velocity constant (at least for a single phase (water) flow
case). The maximum water velocity in the test section is 7 m/s.
However, the maximum velocity at which the air injected into
the measuring section does not recirculate is 3 to 3.5 m/s. The
top wall of the channel consists of a horizontal test plate.



Figure 1: The new “Friction Drag” test section of the Delft
Cavitation Tunnel with a traversing PIV set up underneath.

Plate and cavitator

The test plate is a replaceable 10 mm Plexiglas plate with
an area of 2000*298 mm, which allows to have optical access
also from the top. It is mounted to a frame of aluminum profiles.
The frame can be ether firmly fixed to the test section or
suspended by means of leaf-springs for the shear force
measurement. There is a gap of 1 mm around the plate which is
essential for the force measurement.

The air cavity was formed by injecting air behind a vertical
plate with a sharp edge - a cavitator, protruding out of the test
plate (Figure 2). The cavitator was located 50 mm from the
leading edge of the test plate. The height of the cavitator was
changed in the range of 0.5-2 mm. Two vertical plates of 30 mm
height along the two sides of the plate prevent air escape from
the cavity through the side gaps.

Figure 2: A schematic of the test plate with the air cavity (side
view).

PIV

The water flow in the tunnel was characterized by planar
Particle Image Velocimetry (PIV) with the field of view of
150*150 mm. For the boundary layer measurement the field of
view was approximately 40*30 mm. Hollow glass spheres of 10
Um were used as tracer particles. A pulsed laser with optics were
installed underneath of the test section. The camera and the laser
with optics was placed on a traverse to be able to do
measurements at any location in the channel.

The test section has good optical access from all four sides.
It makes possible to visualize the air cavity from different
directions. The cavity length and thickness were measured

visually. Because the cavities were not completely 2-dimensional
the following assumptions were done:

- the cavity length was defined as the one at the middle of the
cavity;

- the cavity thickness was defined as the maximum thickness in
span-wise direction.

Air injection‘I' scale

Test plate
|

qéﬂ“’,_,/éz Eo

Figure 3: Principle of pressure difference measurement between
the mean pressure in the cavity and the ambient pressure.

|

One of the governing dimensionless parameters for cavitation
flows is the cavitation number:

- (pco— pcav)
1 2 1)
PV

In order to define it, the pressure difference between the mean
pressure in the cavity and hydrostatic pressure at the plate level
should be measured. A scheme of the measurement principle is
shown in Figure 3.

Air from a central air supply was injected in the cavity by
means of gas mass flow controllers. (Bronkhorst F-201CV and
F-202A range up to 1 Is).

RESULTS

The velocity profile at the leading edge of the test plate is
shown in Figure 4 (top). The stream-wise velocity for this
measurement was 2.68 m/s. As can be seen from the graph there
are two distinguished velocity regions. The boundary layer
region extends over 7.4 mm from the wall. The further velocity
profile is uniform. A more detailed view of the BL is shown in
Figure 4 (bottom). The distance from the wall (vertical axis) is
normalized by the BL thickness. The velocity is normalized by
the stream-wise velocity. The shape factor for the boundary layer
is 1.38 which is close to the typical value of 1.3 for a turbulent
BL [White 2006]. The profile of the BL is also in a good
agreement with the 1/7" power velocity profile in the BL . For
all three measured velocities (1.5, 2 and 2.5 m/s) the BL at the
beginning of the test plate was approximately 7mm.

A parameter study was performed in order to define the
main characteristics of the cavity such as dimensions, pressure
and air consumption. During these experiments the following
parameters were varied: cavitator height h (0.5, 1, 1.5 and 2
mm), flow velocity V (between 1 and 3 m/s) and air flow rate Q
(between 0.24 and 12 I/min). The cavity length L, the maximum
cavity thickness H, and the relative pressure in the cavity were
measured.

For each cavitator height the velocities varied in the
mentioned range. For each velocity all the parameters were



measured at different cavity length. The air flow rate was
adjusted to obtain a certain cavity length,
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Figure 4: The velocity profile at the beginning of the test plate

It was observed that the maximum stable cavity length
occurs at approximately a half of the gravity wave length A ,
where the phase velocity of this gravity wave is corrected for the
shallow water effect (Figure 5). And it does not depend on the
cavitator height. Due to the limited length of the test section the
maximum A - limited cavity length could only be achieved at
velocities lower than 1.7 m/s. The relation between a phase
velocity and the length of the gravity wave is given as following:

V=,I=2Lgtanh¥ 2

where D is a depth of the channel. For the deep water
2D _ 1

approximation the term tanh

For the case of relatively thin cavities another restriction
plays a role. Secondary waves on the free surface of the cavity

reach the surface of the plate and destroy the cavity. It leads to an
unstable cavity length and high air losses. As a result, the
maximum cavity length based on a half of the gravity wave
length cannot be reached. This situation was observed for the
smallest cavitator height of 0.5 mm.

The aspect ratio of the cavity H/L was defined for different
V, h and L. The scaled aspect ratio of the cavity, as a function of

Lg

dimensionless cavity length, 1/Fr = is shown in Figure 6.
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Figure 5: A phase velocity versus the length of a half
gravity wave for deep (in blue) and shallow (in green) water
approximations. Maximum cavity length for different V and h is
shown by curves with circles.
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Figure 6: Scaled aspect ratio of the cavity as a function of
1/Fr.

Each curve represents measurements with constant h and V
but various L by varying air flow rate. The curves show a similar
linear relation between the normalized thickness-length ratio
(H/L) for the cavity and the reciprocal value of the non-
dimensional water velocity (1/Fr). The applied normalization of
H/L appears to collapse all data into one linear relation. A
physical rationale for this relation is however yet lacking.
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The dependence of the scaled cavitation number 0 on 1/Fr
is shown in Figure 7. All the curves roughly collapse onto one
curve.

As can be seen from the graph in Figure 6, all the cavities
have a zero cavitation number at 1/Fr approximately 1.55.
Longer cavities have a negative cavitation number implying that
the pressure in the cavity is higher than the hydrostatic pressure
at plate level. On the contrary, the cavity with a positive
cavitation number has a lower pressure.

One of the important parameters for ventilated cavities is the
air consumption by the cavity. It is known that air flux for
creating the cavity is normally higher that the one to maintain it
[6], [7]. The local air flux through the cavity closure region was
defined for different cavity lengths. A typical measurement result
of such a measurement is shown in Figure 8. The vertical axis
shows the air flux and the horizontal axis the cavity length. The
cavitator height was 1.5 mm and the velocity was 1.7 m/s. From
the graph we can see that, indeed, the maximum air consumption
is when the cavity is short. Then it goes down with the cavity
length increasing and reaches it's minimum at maximum stable
cavity length. The irregular behaviour of the air consumption at
the intermediate part is most likely related to the wave pattern on
the cavity surface. As was observed, two main factors cause air
leakage from the cavity closure region: the first one is the re-
entrant jet which is a typical phenomenon for developed sheet
cavitation; the second is the wave pattern at the free surface.
Each of these mechanisms contributes differently depending on
flow conditions and geometry of the cavity. For the present study
the contribution of the re-entrant jet was the biggest for
relatively short cavities, whereas waves on the free surface cause
significant air losses for long cavities.

1 Il i |

0 1 1 1 1
0 02 04 06 08 1 12 14 16
L (m]
Figure 8: Local air loses from the tail of the cavity as a function

of it's length.

A typical air cavity surface can be seen in Figure 9. In this
case the free surface waves are relatively small compared to the
cavity thickness. Two types of waves on the free surface can be
distinguished. The first one is caused by turbulent fluctuations in
the water at the interface. The second one is caused by
reflections of diverging waves from the side walls. Capillary
waves are also present on the interface but don't play a
significant role either on the cavity geometry or air consumption
because of their small size.

Figure 9: Air cavity under the plate. a) — instantaneous wave
profile (short exposure time) b) — averaged wave profile (long
exposure time). Flow from right to left. h=1Imm, V=1.5m/s.

The minimum air flux required to form the cavity was found
for four cavitator heights at different velocities. The results of
these measurements are presented in Figure 10. The air flux on
the vertical axis is made non-dimensional with the velocity,
cavitator height and width b. The velocity on the horizontal axis
is the velocity at the cavitator edge height. It was found by
assuming the 1/7" power velocity profile in the BL. Again, all
the data collapse on a straight line. From the experimental data,
it can be seen that thin cavities consume less air if they are
stable.
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Figure 10: Dependence of the dimensionless air flux on the
velocity at the cavitator edge.

CONCLUSION

A developed air cavity originating from a cavitator mounted
underneath a horizontal flat plate was studied experimentally in a
water tunnel. The cavity was created by injecting air behind a
cavitator. The experimental data allowed us to make a correlation
between the main parameters of the flow. A dependence of the
scaled aspect ratio of the cavity and the cavitation number on the
dimensionless length of the cavity was shown. All the tested
cavities had a zero cavitation number at 1/Fr = 1.55. The longer
cavities had a negative cavitation number, hence a positive
pressure in the cavity.

Two mechanisms which cause the air losses from the cavity
were defined. The first mechanism is governed by the presence
of the re-entrant jet, continuously shedding bits of the air cavity
in the closure region. The second mechanism is caused by waves
on the free surface. The contribution of each of these
mechanisms depends on the flow conditions (flow velocity,
turbulence intensity) and geometry of the cavity.

Furthermore, if the roughness of the free surface is high
compared to the cavity thickness, the cavity break up. In that
case, the maximum cavity length based on the transverse wave
length cannot be reached.
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