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Research on cavitation characteristics and control strategies of

hydraulic machineries

YUAN Shou-qi

National Research Center of Pumps, Jiangsu University, Zhenjiang, 212013

Abstract: Cavitation is a complex turbulent flow phenomenon including phase change that
occurs in hydraulic machinery. The fluid dynamics caused by the development, oscillation, break
up and collapse of the cavities are the main reasons that induce erosion, vibration and acoustic
behavior of hydraulic machinery. These are the main factors that affect the reliability and safety
of hydraulic machinery operations. Our project team has worked for many years, in order to
investigate and control cavitation phenomena in hydraulic machinery. An experimental system
for cavitating flow measurements has been developed. Furthermore, an accurate numerical
method for the prediction of unsteady cavitating flow has been built to illustrate the mechanism
of cavitation inception and development. The relationship between cavitation development, flow
dynamics and energy characteristics of hydraulic machinery has been studied to achieve the best
optimization method and control strategy for cavitation behavior in hydraulic machinery.

Key words: Hydraulic machinery; Cavitation; Model; Unsteady flow; Reliability
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Unsteady cavitating flow around axisymmetric body at small angles

of attack

LIU Hua

Department of Engineering Mechanics, Key Laboratory of Hydrodynamics(MOE), Shanghai Jiao Tong
University, Shanghai, China , Email: hliu@sjtu.edu.cn

Abstract: The presentation will focus on the unsteady cavitating flows and thehydrodynamic
loads on an axisymmetric slender body at small angles of attack. A review on the unsteady
behavior of cavitating flows, characterized as the cavity shedding at a specific range of cavitation
number, around an axisymmetric body in the steady incoming flow or that in the steady
translation motion will be presented. The periodic characteristics of unsteady cavitating flows
around an axisymmetric body were investigated experimentally and numerically for the cases of
different headforms and different angles of attack. The transient cavity shape and the transient
hydrodynamic forces were measured by the high-speed camera and the five component balance
respectively. The frequency characteristics of hydrodynamic forces and moment on axisymmetric
bodies were obtained.

Based on the measured time series of drag and high speed image of cavity, an empirical
formula was proposed to evaluate the Strouhal number of low frequency fluctuation of the
violent shedding sheet cavitation for different headforms. The Strouhal number of the violent
shedding of the unsteady cavitating flows around an axisymmetric body decreases as the angle of
attack increases. The violent shedding will disappear as long as the angle of attack is greater than
a critical value.

Numerical simulation of the unsteady flows around an axisymmetric body at angles of
attack shows that a high pressure distribution on the body appears at the closure region of the
cavity, where the detached sheet cavitation evolves to the cloud cavitation. Given the cavitation
number, the shedding process of the cavitating flow is dependent of the headform and the angle
of attack of the axisymmetric body.

For the case of the accelerating/decelerating incoming flows, an experiment on the unsteady
hydrodynamic loads on a cavitating axisymmetric headform was implemented in a cavitation
tunnel. The relationship between the hydrodynamic coefficients and the transient cavitation
number was analyzed to understand the variation of the unsteady hydrodynamic loads with the
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changes of the acceleration of incoming flows. Further discussion on the unsteady hydrodynamic
loads on aventilated supercavitating body in unsteady motionwill be presented.

Finally, a review on the achievements of cavitation research made by Professor Yousheng
He and his students at SJTU will be presented, coveringhydrodynamic loads acting on a
cavitating body in unsteady motion and on a body running with a cavity for water entry

problems.
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Uncertainty quantification for turbulent flow simulations:
state-of-the art, challenges and open issues

XU Hui

(Department of Aeronautics, Imperial College London, London SW7 2AZ, United Kingdom,

Email: hui.xu@imperial.ac.uk)

Abstract: With the huge growth in high-performance computational resources, in order to
remarkably prompt the contribution of turbulent flow simulation in real-life computational fluid
dynamics (CFD) applications, it is important to quantify epistemic uncertainty in implementing
simulations in terms of using Reynolds-Averaged Numerical Simulations (RANS), Large-Eddy
Simulation (LES), hybrid RANS/LES and Direct Numerical Simulations (DNS) in many
complex fluid flows. In CFD simulations, it is common that a large number of choices in setting
up computational configurations should be made to mimic the real-life flow physics, which
include the physical models and related arbitrary constants, boundary conditions, initial
conditions as well as tunable parameters in employed numerical methods. In most cases, it is
impossible to exactly known all physics and geometrical and sometime, these are even not known
at all. These issues inevitably result in existence of uncertainties in complex turbulent flow
simulations. To account for this lack of information in simulations, uncertainties in related
models must be handled. This is the purpose of Uncertainty Quantification (UQ) theory, which
allows for a quantitative description of the system response spanned by possible variation of
uncertain parameters. The classical deterministic solutions are replaced by stochastic ones where
a continuous description of the space of possible solutions spanned by uncertain parameters is
recovered. Meanwhile, by virtue of the process of UQ, some possible new insights about the
physics of the simulated system can also be achieved. The epistemic uncertainty can be reduced
by incorporating existing data from experiments into the simulation, thanks to Data Assimilation
(DA) techniques. In this talk, we provide a survey of recent progress made in the field of
uncertainty and error quantification and propagation in turbulent flow simulations. All issues
addressed are relevant to four fundamental methodologies: RANS, LES, hybrid RANS/LES and
DNS. Finally, the talk concludes with challenges and open issues of UQ in turbulent flow

simulations.

Key words: turbulent flow simulation; uncertainty quantification; generalized polynomial chaos;

transitional flows
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Brief introduction

Numerical modelling and simulation of complex systems which are generally governed by partial
differential equations (PDEs) or ordinary differential equations (ODEs), are continuously
developing in science and engineering. However, processes of modelling and simulation
inherently involve deviations or errors from real physics systems, understanding and qualification
of which are crucial to assess real behaviours of real physical systems. Typically, in modelling a
real physical system described by partial differential equations, when a suitable mathematical

model is formulated, the corresponding simulation always involve three steps !

: case
specification (geometry, boundary conditions, initial conditions, forcing, physical constants,
model constants); simulation (numerical parameters, discretization resolution); analysis (solution,
postprocessing). With these three steps, by simulation methods, real physics may not be always
achieved in practice due to uncertainty of specified input data, numerical schemes, mathematical
modelling and some intrinsic variabilities. Consequently, one must associate with simulations an
uncertainty of incomplete knowledge from various possible factors. Theories and techniques for
qualification and propagation of uncertainty have been well established for many years "', It is
worth mentioning that spectral uncertainty quantification methods have broadly applied to deal
with uncertainty, which are based on a parameterisation of uncertain input data employing a set
of independent random variables. Generally, uncertainty quantification (UQ) is a two-stage
process to cope with inverse / forward problems ", An inverse problem is to use experimental
data to infer PDF for model parameters and a forward problem is to propagate uncertainties to

calculate PDF for quantities of interest .

In computational fluid mechanics, it is now well known that assessment of accuracy and
reliability of results of turbulent flow simulations is still a challenge and sometime, the reliability
is typically case-dependent. Fortunately, UQ has already been broadly employed in quantitatively
assessing uncertainty of accuracy and reliability to deeply understand physics of fluid and
modelling, especially for turbulent flow simulations. UQ is capable to give hints on error

dynamics and on reliability of simulated results .

By this talk, we briefly give an introduction of UQ in turbulent flow simulations and modelling
applications. This talk highlights UQ in theory and applications, which covers the methodologies
of RANS, LES, RANS-LES and DNS in computational fluid dynamics (illustrated in Fig. 1) ),

The theoretical framework of UQ 1is presented based on the well-developed Generalised
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Polynomial Chaos (gPC) "%, which typically indicates a spectral decomposition of stochastic
processes in terms of an orthogonal basis. In gPC, response of output quantities in parameter
space is obtained by a truncated finite summation form of the orthogonal expansion. In practice,
we choose the type of independent variable in polynomials according to the type of random
distributions. Here, we illustrate the correspondence of the type of Wiener-Askey polynomial
chaos and their underline continuous random variables in Table 1 . Generally, there are two
kinds of strategies to implement gPC " (a) intrusive; (2) non-intrusive. For the intrusive
formulation, all variables associated with random effects are represented in truncated expansions,
which are substituted into governed equation system. The spectral expansion coefficients are
determined by the so-called Galerkin projection, which results in a series of governing equations
from the original equation system. The non-intrusive formulation relies on a set of deterministic
model resolutions which are corresponding to some specific values or realisations to construct the
model output of interest parameterised by a finite set of independent random parameters.
Compared with the intrusive formulation, the non-intrusive formulation is quite similar to data
post-processing. The most attractive feature of non-intrusive formulations lies in the

approximation of the model output of interest which needs a deterministic solver only.

Along with the theoretical framework of gPC, it will be explained that why UQ is now crucial to
modelling and simulations of turbulent flows. As a further extension, some examples and recent

attractive topics are illustrated in exploring transitional flows with uncertainty.
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Table 1. Correspondence of the type of Wiener-Askey polynomial chaos to the type of random inputs *

Random inputs Wiener-Askey chaos Support

Gaussian Hermite-chaos (~o0,00)

Gamma Laguerre-chaos [0, =)

Beta Jacobi-chaos [a,b]

Uniform Legendre-chaos [a,b]
Reference

1 Le Maitre O P, Knio O M. Spectral methods for uncertainty quantification. Springer Dordrecht Heidelberg
London New York, 2010.

2 Xu D B. Numerical methods for stochastic computations: A spectral method approach. Princeton University
Press, 2010.

3 Tenorio L. An introduction to data analysis and uncertainty quantification for inverse problem. SIAM, 2017.

4 Oliver T, Moser R. Uncertainty qualification for RANS turbulence model predications. APS, 62nd Annual
meeting of the APS Division of Fluid Dynamics, Nov. 22-24, 2009.

5 Meyer J, Beurts B J, Sagaut P. Quality and Reliability of Large-Eddy Simulation. Springer, 2008.

6 Salvetti M V, Meldi M, Bruno L, Sagaut P. Reliability of large-eddy simulation: benchmarking and
uncertainty quantification, in Direct and Large-Eddy Simulation X, edited by Grigoriadis D G E, Geurts B J,
Kuerten H, Frohlich J, Armenio V, Springer, Cham, p 15-23, 2018.

7 Sagaut P, Deck S, Terracol M. Multiscale and multiresolution approaches in turbulence. Imperial College
Press, 2006.

8 Xiu D B, Karniadakis G E. Modeling uncertainty in flow simulations via generalised polynomial chaos.

Journal of Computational Physics, 2003, 187: 137-167.
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Progress in meso-scale causal analytic method

of high dam hydraulics

XU Wei-lin, LUO Jing, WEI Wang-ru, LI Yao, ZHANG Ya-lei

State Key Lab. of Hydraulics and Mountain River Engineering , Sichuan University

Abstract: High dam hydraulics plays a major role in solving the problems of flood
discharge safety in high dam engineering. Almost all of the special flow phenomena
in high dam engineering (e.g. cavitation, aeration etc.) occur in meso-scale between
macro-scale (engineering scale) and micro-scale (molecule scale). However, in the

traditional method of high dam hydraulics, flows are described by macro-scale
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variables such as flow rate, velocity, pressure and water depth, so that discontinuous
flow phenomena as above-mentioned can not be analyzed directly. In the recent years,
authors have been exploring the meso-scale research on high dam hydraulics, some
results about the collapse position of cavitation bubbles, interaction between a
cavitation bubble and an air bubble, self-aeration at free surface etc. are summarized

1n this review.

Key words: hydraulics, high dam, meso-scale
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PIV and its application in hydrodynamics of cylindrical structures
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Abstract: During the past three decades, Particle image velocimetry (PIV) has evolved
rapidly to be the dominant method in experimental fluid mechanics and has contributed to
many advances in our understanding of turbulent and complex flows. In this paper, we
provide a brief review the achievements of PIV and its latest developments: e.g.,
time-resolved PIV; statistical PIV;tomographic PIV. In the actual implementation of PIV,
however, there are a lot of pitfalls that may lead to inaccurate or even erroneous results.
Therefore, we compile our knowledge and experience about PIV accumulated over past
years, and provide some practical guidelines for its implementation in practice to obtain
accurate results. This paper focuses on the application of PIV in investigating the
hydrodynamics of cylindrical structures, since it is fundamental in many engineering
applications such as heat exchange tubes, transmission lines, piers, pipelines, risers. A wide
range of flow configurations are considered, including: (a) a cylinder (circular/square) placed
in proximity to a wall boundary; (b) two tandem cylinders (circular/square) placed in
proximity to a wall boundary; (c) multiple cylinder arrays; (d) cylinders with rough surface
for drag reduction; (e) cylinder undergoing vortex-induced vibration (VIV); and so on.

Key words: Particle image velocimetry (PIV); Hydrodynamics of cylindrical structures;
Vortex-induced vibration (VIV)

1 Introduction

The dream of experimental fluid dynamicists is to be able to measure complex,
3-dimensional (3D) turbulent flow fields globally with very high spatial and temporal resolution.
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Although we are still far from fully realizing this dream, significant progress has been made
towards this goal. Traditionally,“point-wise” measurement techniques,such as Hot Wire
Anemometry (HWA) and Laser-Doppler Anemometry (LDA), are used to measurethe
instantaneous velocities at a particular point through time. Early emphasis in turbulence research
and its theoretical advancement necessitate a statistical description of turbulent flow fields based
on the measured signal. However, it is difficult to obtain the accurate and detailed information of
the global flow field that is transitional and spatially evolving.Therefore, there is much interest in
pursuing the goal of nonintrusive, “global-wise” (whole-field) velocity measurements.
Concurrent with rapid developments inmodern imaging, laser, and data acquisition and
processing technology, a relatively new measurement technique, Particle Image Velocimetry
(PIV), has become the standard global-wise tool in experimental fluid mechanics since its first
invention in 1980’s ", The principal characteristic that has made it so useful is its ability to
measure the instantaneous velocity field simultaneously at many points, typically of the order of
10°-10°, with spatial resolution sufficient to permit the computation of the instantaneous vorticity
and rate of strain. To date, PIV is the only experimental method that provides such information in

(61 and is also the

turbulent flows ). PIV has been reviewed in the literature several times
subject of two books . The reader is referred to these materials for a detailed description
ofstate-of-the-art ofthe technology in a broad sense, i.e., including approaches such as particle
tracking velocimetry (PTV), microscopic PIV, holographic PIV and tomographic PIV.

Successful usage of PIV, however, requires a good understanding of the operating
principles; it cannot realistically be treated as a ‘black box’ or ‘plug and play’ system. Therefore,
we compile our knowledge and experience about PIV accumulated over the past 15 years, and
provide some practical guidelines for its implementation in practice. Section 2 briefly
introducethe basic working principles of PIV, and some critical considerations in PIV
measurements. Section 3 reviewsseveral major developments and milestones in PIV.A list of
applications of PIVin the investigation of hydrodynamics around cylindrical structures is given in
Section 4.Section 5 summarizes the contemporary PIV technique in terms of its pros/cons and

proposes some recommendations for its utilization.

2 Basic PIV system(2D-2C)

PIV is a technique that allows for instantaneous measurement of the flow velocities at many
points in a plane. A typical setup is shown in Figure 1, which can measure 2 velocity components
in a 2-dimensional (2D) planeusing a single camera (facing normal to the plane), and hence is
referred as 2D-2C PIV (or simply 2D PIV, or planar PIV) configuration. Other configurations,
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such as 2D-3C (2-dimension/3-component) and 3D-3C (3-dimension/3-compoent, which is truly
3D) will be introduced in Section 3. 2D-2C configuration is the simplest and therefore the most
widely deployed of PIV.

(a)

light shee/t,,/ (b)

sheet e
optics ST m m g
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| field of \
1 Iy oy SipnE ol .
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peak search

[

local velocity
vector vit)

")
ba
lens '

el view
L

flow

interrogation

window Image

plane

Fig. 1 Working principle of PIV (Adapted from LaVision user manuall”

2.1 Working principle of PIV

The working principle for PIV is relativley simple (c.f. Figure 1): the flow is seeded with
light scattering particles, a light sheet (generally laser) illuminates the particles in the
measurement plane and a camera lens images the target area onto the CCD array of a digital
camera. The CCD is able to capture each light pulse in separate image frames. Once a sequence
of two light pulses (with a time delay Ar) is recorded, the images are divided into small
subsections called interrogation areas (IA, typically 32x32 pixels in size). The [As from each
image frameare cross-correlated with each other, pixel by pixel. The correlation produces a signal
peak, identifying the common particle displacement, AX. An accurate measure of the
displacement, and hence the velocity (AX/Af), is achieved with sub-pixel interpolation. By
repeating the cross-correlation for alllAs over the whole target area, the 2D velocity vector map
in this plane is obtained.

Presently, the single-camera, planar light sheet, cross-correlation PIV with a double-pulsed
Nd:YAG laser and a 2Kx2K-pixel cross-correlation CCD camera is thestandard system sold by
commercial companies. In turbulence research, just using simple 2D PIV has been enormously
rewarding in revealing fundamental aspectsof the turbulence structure. More sophisticated forms
of PIV are emerging and will definitely impact efforts to understand turbulence, but one should
not rush intocomplexity before mining the wealth of information that can be achieved using 2D
PIV. However, there are a lot of issues to take into account for a successful implementation,
which are highlighted below.

2.2 Tracer particles

Tracer particles play a key role in PIV measurements, because PIV actually measures the

velocity of tracer particles instead of real fluid velocities. The first consideration is their size. It
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should be small enough to achieve good tracking behavior of the flow but large enough to scatter
sufficient light signal for image recording devices. Table 1 lists typical tracer particles used for
air and liquid flows. In general, acceptable tracking ability is more crucial for the study of
turbulent in a small region, whereas the scattering demand should be more concerned for
large-scale measurements.For liquid flows, particle diameter of 10-20 pum is a good
compromise.For gas flows, in comparison, due to the great difference between the index of
refraction of gas and particles, small particles in gas scatter enough light to be detected;
therefore,particle diameter of 1-5 um is generally used. In summary, the size of the tracer
particles should be optimized to make a balance between the tracking behavior and the scattering
characteristics depending on the application.

Table 1 Typical tracer particles for gas and liquid flows

Material Mean diameter in pm
For Gas flow Polystyrene 0.5-10
smoke <1
magnesium 2-5
different oils 0.5-10
For liquid flow Polystyrene 10-90
aluminum 2-7
glass spheres 10-100

The second consideration is the density of tracer particles. It is desirable for the particlesto
be neutrally buoyant, which is, however, difficult to achieve in practice, particularly for gas flow.
Therefore, the influence of gravitational forces cannot be neglected. One need to employ the
Stokes’ drag law to estimate this effect called velocity lag:

Pp—P
uy = d3 220 g M

where g is the gravitational acceleration, py and  are the density and dynamic viscosity of the
fluid, ppandd, are the density and diameter of the particles. Eq. (1) indicates that the diameter
of non-neutrally buoyant particles should be small enough to reduce the velocity lag. For PIV
application, the particle’s response to the flow can be quantified by the relaxation time of the
particles:

p
T, = dzzJ F”ﬂ 2)

Nevertheless, the Stokes’ drag law may underestimate the actual velocity lay in flows with high
turbulence level. The maximum allowable particle size decreasing with increasing flow velocity,

turbulence level and velocity gradients.
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The third issue is the seeding concentration. Particles should be seeded into the flow with
sufficient, steady and spatial uniform concentration. Generally, a higher seeding concentration is
preferred for better measurement spatial resolution. However, excessive high seeding
concentration may lead to poor spatial resolution due to bad scattering performance. The ideal
concentration is 10-20 particles per an IA ", A uniform seeding size is also desirable in order to
avoid excessive intensity from larger particles and background noise and incoherent signals from
smaller particles. It is recommended to use a particle counter to analyze the particle size
distribution during the measuring process. The seeding method can be divided into global seeding
and local seeding. Global seeding is feasible in small-scale model and re-recirculating
flowsystem to achieve the whole velocity measurement. However, global uniform seeding in
large-scale model may always be restricted to the generation capacity. Then one might consider
local seeding to the region of interest. In this case, the position of seeding probes should be
carefully positioned in order not to disturb the flow.

2.3 Illumination system

The most widely used illumination system for PIV is a double-pulsed Nd:YAG laser system
with an articulated delivery arm to generate a green light sheet of 532 nm wavelength. The pulse
durations of Nd:YAG laser are short enough, about 5~10 ns, to effectively freeze the images of
particles moving at all but the hypersonic velocities. Pulse energies range from 5 to 800 mJ,
depending on the size of the illuminated region. The light sheet optics locate at the end of the arm
can be oriented at any angle to generate a light sheet and illuminate the tracer particles in the
measured region of interest. The main component of light sheet optics is one or more cylindrical
lens to focus the light sheet to desired thickness and field angle. To guarantee the measured flow
field can keep in a plane, and the thickness of light sheet in the measurement area is typically
about 1-2 mm or less. An important parameter to set is the inter-pulse time delay, A¢. The time
delay should not only be long enough to determine the displacement of particles between the two
pulses, but also need to be short enough to avoid particles moving too far away. It has been
established that for each image pair, the separation (in pixels) should be larger than the accuracy
of peak detection (~ 0.1 pixel), but smaller than a quarter of the size of each IA (or the Y law).
Therefore, the pulse delay,which depends on the desired TA size (4;,, in pixels) and on the
maximum flow velocity, consequently will be in the range of:

AUmax < /4 3)
Ara
2.4 Image recording device

The most common image recording devices forPIV are coupled charged devices (CCD)

camera, for their superior spatial resolution, convenient data transmission and image processing,

short exposure time, high light sensitivity and low background noise. Today, commercially
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available CCD cameras typically have sensor resolutions ranged from 1M (1024x1024 pixels) to
29M (6567x4384 pixels), and frame rate from 35 Hz to 2 Hz. The higher the resolution, the lower
the frame rate. Thus, one should make a trade-off between the spatial resolution and the temporal
resolution depending on specific applications. For example, a high resolution camera is necessary
for large-scale models; conversely, a high frequency camera is more suitable for studying
small-scale turbulent characteristics. In addition, the dynamic range of CCD sensors should also
be considered to evaluate the signal quality per pixel. Normally, a dynamic of 8 or 10 bits is
sufficient for most PIV applications. However, with advanced cooling technique, 14- or 16-bit
camera is also available.For time-resolved PIV, a high-speed complementary metal oxide
semiconductor (CMOS) camera is a better choice than a CCD camera. High-speed recording
based on recently developed CMOS sensors even allows for acquisition at the order of kHz, but
in trade of sensor resolution. A detailed comparison between CCD and CMOS cameras is
reported by in [10].
2.5 Image evaluation methods

Particle images from the first laser pulse are stored in the first camera frame, and images
from the second pulse go into a separate, second frame. This two-frame recording determines
unambiguously the direction of the displacement between any pair of particle images, and it
allows the analysis of overlapping images, thereby eliminating the need to employ image shifting
(Adrian 1986). The displacement of the particle images in each IA is measured by
cross-correlating the images of the first and second frames to find the mean displacement that
gives the maximum correlation. The velocity estimate is assigned to the center of the
interrogation region if the displacement is small compared to the 1A size, or to the midpoint of
AX if the displacement is large, corresponding to a central difference estimate '*. The analysis is
performed on a set of interrogation domains that covers the measurement area, typically with
windows overlapping 50% or 75%. The smaller IA size and higher overlap ratio can achieve
higher spatial resolution, but require higher quality image recordings and consume longer
computing time. This is one limitation of PIV that in a region with intensive velocity gradients,
correlation algorithm averages particle motions in the interrogation window resulting in an
underestimation of velocity gradient. The adaptive correlation method can achieve higher
accuracy supplemented with high sub-pixel accuracy and adaptive deforming window algorithm.
Currently, adaptive correlation is available in most of the commercial PIV software packages.
2.6 Performance of 2D PIV

At present, the 2D PIV technique is well established and the processing algorithms are near
optimum. Once applied properly, a typical planar PIV system is capable of recording images that
yield typically 10* measurements of the velocity (per image frame pair) with an accuracy of

approximately 1%—2% of the full-scale displacement range. Frame rates have increased
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dramatically with the introduction of new cameras and high-repetition-rate lasers, and this
development offers a straightforward path for the expansion of PIV capability to time-resolved
PIV (TR-PIV). Coupling PIV with simultaneous planar laser-induced fluorescence (PLIF) has
also enjoyed great success "' Making combined measurements of fluid velocity and the velocity
of a second phase such as particulate, droplet or vapor phase is a viable and valuable extension of
PIV into multi-phase flow. The simultaneous measurements of liquid velocity and bubble phase

by Lindken and Merzkirch '*' is an excellent example.

3 Advanced PIV techniques

The “classical” 2D PIVis only capable of measuring two component of velocity vectors in
the plane of the illuminating laser sheet. To study more complex flow phenomenon, several
advanced PIV techniques have been developed in recently years, such as stereoscopic PIV,
time-resolved PIV, statistical PIV, 3D volumetric PIV, among others.

3.1 Stereoscopic PIV (2D-3C)

The inherent limitation of the 2D-2C method is that only two component of the velocity
vector are resolved. Therefore, it is perfectly suitable for nominally 2D flow; for 3D turbulent
flow, it should be used and interpreted with care. The unresolved out-of-plane velocity

> "in the resolved components, particularly for

component also leads to a ‘perspective error
wide-angle camera lenses. This error can be addressed by 2D-3C stereoscopic PIV, which makes
it possible to reconstruct all three velocity components in a planar cross section. This kind of
system require at least 2 cameras which are oriented such that they view the same flow region
from different angles. If the camera viewing angle is large, the camera lens may be tilted with
respect to the camera to re-align the plane of focus of the camera with the light sheet, i.e., the
so-called “Scheimpflug” condition ""*). Furthermore, dual-plane PIV provides access to the full
deformation tensor in a planar cross section of the flow *.

Strictly speaking, stereo 2D-3C PIV does not belong to 3D PIV, since only the three velocity
components on a particular plane are measured. AlthoughStereo 2D-3C PIV is relatively common
now days, the out-of-plane component is inherently less accurate than the in-plane components.
Also, the thin light sheet as the illumination method brings about a challenge for measuring a
strong 3D flow field in sizeable flow domain. In this case, some particles recorded by the
cameras in the first frame may move out of the relatively thin sheet and cannot be captured in the
next frame, leading to out-of-plane loss-of-pairs. These factors limit the application of 2D-3C

PIV in strongly 3D flows.
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Fig.2 Working principle of 2D-3C stereoscopic PIV (Adapted from Nauen & Lauder !'*)

3.2 Time-resolved PIV (TR-PIV)

The temporal evolution of turbulent velocity fields can be measured by dynamic, high-speed,
or time-resolved PIV (TR-PIV) systems. TR-PIV is conceptually straightforward, and its
technical achievements are determined principally by the performance of available light sources
and cameras. In particular, double pulsed Nd:YLF lasers are capable of generating 10—20 mJ per
pulse and up to 10,000 pulses per second. These are typically combined with CMOS cameras that
can record 1Kx1K-pixel images at framing rates up to 5,000 frames per second. (Higher frame

rates are be achieved for reduced-image formats.) Hori & Sakakibara ['*

used a stereoscopic
TR-PIV system combined with a scanning light sheet to record a volumetric domain of a
low-Reynolds number free jet. In addition,TR-PIV time sequencesof stereoscopic PIV data and
Taylor’s frozen-field hypothesis can be used to reconstruct the quasi-instantaneous 3D vortical

structures in the flow, such as for localized turbulence (or puffs) in transitional pipe flow!"”

or
vortex packets in a turbulent boundarylayer U1 To date, the sampling rate (frequency) of
TR-PIVhas reached 50 kHz. More recently, Beresh et al. Mlysed an extraordinarily high-speed
TR-PIV at 400 kHz for sequences exceeding 4000 frames but for an array of only 128 x 120
pixels, giving the moniker of 'postage-stamp PIV'.The technique has been tested far downstream
of a supersonic jet exhausting into a transonic crossflow, andtwo-component measurements
appear valid until 120 kHz.
3.3 Statistical PIV

There is a growing body of experimental studies in which PIV is used not to measure the

instantaneous fields, but instead to measure the flow statistics such asmean velocity or various
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components of the Reynolds stress tensor. This approach is particularly well suited to
inhomogeneous turbulent flow in complicated geometries. In this method, the local spatial
correlation functions of the images in interrogation spots are averaged over the ensemble and
then the mean statistics are extracted from the mean correlation function at each interrogation
spot. The correlation averaging technique was developed for multiphase flow!*”’andmicroscopic
PIV'?"). This approach is executed with very high spatial resolution by employing the single-pixel
correlation method'™), and it has been utilized with impressive results %),

3.4 Three-dimensional (volumetric) PIV (3D PIV)

Attempts of volumetric PIV measurement were long-lasting and started since mid-1990s,
such as defocusing PIV, scanning light sheet (SLS) PIV and holographic PIV (see reviews in [6]).
Unfortunately, those PIV techniques are not widely used due to some limitations (e.g., poor
spatial resolution in defocusing PIV or SLS PIV, small measurement volume in holographic PIV).
Elsinga et al.**! proposed a new concept of ‘tomographic PIV’, which provides a better spatial
resolution and turns to be the most promising technique for volumetric measurements. Here, the
current status and capabilities of tomographic PIV are briefly reviewed. Details about can
befound in the reviews by Scarano “land Discetti & Coletti .

Tomographic PIV belongs to a multi-view PIV method (see Fig. 3). The key idea of
tomographic PIV is reconstructing 3D particles using tomography technique, which is a mature
method of medical diagnosis known as computed tomography (CT). In this approach, the tracer
particles are illuminated within illuminated within a volume (a fat-sheet witha thickness of about
one-quarter the width or length of the field of view), and the light scattered by these particles is
recorded from several viewing directions simultaneously, typically using four to six cameras. To
keep all particles within the volume in focus, one generally requires the use of Scheimpflug
adapters and a small aperture, or large f#, for the camera lenses. From the recordings, the particle
distribution is reconstructed as a 3D light-intensity distribution discretized onto voxel elements,
which are the volumetric equivalent of pixels. A constraining factor in all tomographic PIV
experiments is the measurement error introduced by reconstruction. The error has multiple
sources: imaging artifacts (e.g., out-of-focus blur®”), calibration inaccuracies >, background
reflections and camera noise; however, the predominant source is due to ghost particles **,
which is a key issue in volumetric PIV. The MART (multiplicative algebraic reconstruction
technique) algorithm developed byElsinga et al. “'can still be considered the standard; however,
in recent years a portfolio of feature-oriented reconstruction techniques has flourished. The full
three component velocityfield is then computed via 3D digital cross-correlation of the
reconstructed volumes at a more confidence level, and this technique will become mature in the

near future.
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Fig.3 Tomographic PIV (reproduced from Elsinga et al. *¥)

However, Tomographic PIV still has somelimitation factorsto hinder its wide applications,
including:
e High lighting power is required for illumination of a volume;
e The size of recorded images needs to be much larger than for regular planar or
stereo PIV;
e The hardware used are of high cost and presents some safety concerns;
e Large computational power is required to analyze the recorded images
ascompared withconventional planar PIV;
e Complicated and sensitive 3D calibration procedure.
3.3 4D-PIV (3D + time-resolved)

Time-resolved measurement regime for PIV enables time-domain analysis (e.g. time
correlation) and description of the spectral content of the fluctuating velocity field with fine
enough time-resolution (satisfying the Nyquist criterion).Time-resolved 3D PIV, or 4D PIV, is
characterized by a high degree of spatial and temporal coherence between subsequent 3D
volumetric measurements. This is realized by recent developments of Tomographic PIVfor
application in moderate Reynolds number, by using high-speed camera and laser systems to
acquire image sequences typically composed by hundreds or thousands of recordings. For
instance, LaVision GmbH developed a 4D PIV technique using four high-speed video cameras,
capable of 1200 frames/sec at full resolution of 2Kx2K pixels. As a result, the spatial and
temporal development of a flow is vividly captured. The breadth of information contained in
these sequences has led to its application to investigate unsteady flow phenomena in their
3Dstructure (such as all components of vorticity and velocity gradient tensor), but also to follow
their dynamical evolution and extract quantities such as the instantaneous pressure field. Among
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the most prominent applications of time-resolved tomographic PIV are the unsteady pressure

[27-28]

evaluation , aero-acoustic estimation *”, 4DPIV offers the possibility of investigatingfully

3D complex turbulent flow fields globally with very high spatial and temporal resolution.

4 Applications of PIV in hydrodynamics of cylindrical structures

This section illustrates someapplications of PIV in the field ofhydrodynamics of cylindrical
structures in a water channel at Maritime Research Centre, Nayang Technological University,
Singapore. Velocity measurements were performed using a LaVision PIV system. The flow field
was illuminated with a double cavity Nd:YAG laser light sheet (Litron model, wavelength ~532
nm, repetition rate ~15 Hz, power ~135 mJ per pulse, duration ~5 ns). Sphericel® 110P8 hollow
glass spheres (neutrally buoyant with a mean diameter of 13 wm) were seeded in the flow as
tracer particles. The particle images were recorded using a 14-bit CCD camera, with a resolution
of 1600x 1200 pixels and a frame rate of 15 Hz.Particle displacement was calculated using the
fast-Fourier-transform (FFT) based cross-correlation algorithm with the standard Gaussian
sub-pixel fit structured as an iterative multi-grid method. The processing procedure included two
passes, starting with a grid size of 64 x 64 pixels, stepping down to 32 x 32 pixels overlapping by
50%, which resulted in a set of 7500 (100 x75) vectors for a typical field.

The 1% flow configuration is the near-wall cylinder to investigate the effects of wall
proximity on the wake structure """, Fig. 4 shows the 2D PIV measurement results in the near
wake of a circular cylinder located close to a flat wall. The Reynolds number based on the
cylinder diameter (D) is 1.2 x10* for various gap heights (S) between the cylinder and the wall.
Both the ensemble-averaged (including the mean velocity vectors and Reynolds stress) and the
instantaneous flow fields are strongly dependent on S/D. Results reveal that for S/D= 0.3, the
flow is characterized by theperiodic, Karman-like vortex shedding from the upper and lower
sides of the cylinder. For small and intermediate gap ratios (S/D< 0.6), the wake flow develops a
distinct asymmetry about the cylinder centerline; however, some flow quantities, such as the
Strouhal number and the convection velocity of the shed vortex, keep roughly constant and
virtually independent of S/D.

The 2™ configuration considered is flow around two identical cylinders (square in **!

and
circular in ") placed in tandem arrangement and near a plane wall. The inter-cylinder spacing
ratio was varied from S = 0.5 to 6, and the cylinder-to-wall gap ratio from G =0251t02, in
order to systematically investigate the effects of wall proximity and the mutual interference
between the two cylinders in the normalized gap—spacing (S*—G*) plane. Fig. 5 presents the
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instantaneous normalized vorticity fields obtained by 2D PIV.
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Fig. 4 2DPIV results on a near wall cylinder (reproduced from Wang and Tan ®”). Left: Instantaneous velocity

vector field superimposed with flood contours of spanwise vorticity; Right: power spectra of transverse velocity
in the wake. Re = 12,000

The 3™ configuration is an array of four cylinders arranged in a square configuration %,
The Reynolds number was fixed at Re = 8000, the pitch-to-diameter ratio between adjacent
cylinders was varied from P/D = 2 to 5 and the incidence angle was changed from o = 0° (in-line
square configuration) to 45° (diamond configuration) at an interval of 7.5°. The flow interference
among the cylinders is complicated(see Fig. 6), which could be non-synchronous, quasi-periodic
or synchronized with a definite phase relationship with other cylinders depending on the
combined value of a and P/D. Together with PIV measurements of the flow field, the fluid
dynamic forces (lift and drag) on each cylinderwere measured by a piezoelectric load cell.

We also investigated the structural dynamics and the wake vortex modes of circular cylinder

undergoing vortex-induced vibration (VIV), including a tethered cylinder [33]

6] [37

, a neutrally buoyant

cylinder placed in unbounded flow % or near a plane wall 7. The vibrating cylinder exhibits the
so-called “soft” synchronization phenomenon that vortex shedding frequency is synchronous
with the structural vibration frequency. The transition from initial- to upper-branch is

characterized by a switch of vortex formation mode from the classical 2S mode to the
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newly-discovered 2Py mode, as shown in Fig. 7.

S =2

Fig. 5 2D PIV results on around two tandem square cylinders placed near a plane wall (reproduced from Wang
et al. P?l): snapshot of the instantaneous normalized vorticity field at different cylinder-to-cylinder and

cylinder-to-wall distance ratios. Re = 6300

b Cy sl 20050,
A Cpdilsmenal om0

Fig. 6 2D PIV results on an array of four cylinders (reproduced from Wang et al. ®4). Left: instantaneous flow

field; Right: mean drag and root-mean-square lift coefficients.Re = 8000
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Fig. 7 2D PIV results on a cylinder undergoing VIV (reproduced from Wang et al. [36]):
phase-averaged flow field at different reduced velocities. The cylinder’s position and movement
are highlighted, with dashed lines indicating the extent of motion. 3000 < Re < 13,000.

Besides the above-mentioned flow configurations, we also used 2DPIV to investigate effects

®I and cylinder surface roughness pattern “**”' for reduction of mean

of cylinder rotation "
drag and VIV, as well as an array of multiple cylinder to simulate emergent vegetation
stems'*". In addition, stereoscopic 2D-3C PIV was used to investigate on the junction flow
formed by a cylinder mounted to a flat plate. The two CCD cameras are placed at angles of +45°
and — 45° with respect to the light sheet normal, observing the illuminated area from opposite
sides of the channel. The optical access is achieved through two water prisms placed on the wall
of the enclosure in order to minimize the optical aberrations, see Fig. 8. The optical configuration
satisfies the Scheimpflug condition, so the full viewing area is in focus. The secondary vortices in

the cross-sectional plane behind the cylinder are clearly revealed.

Laser beam delivery arm

S [
M BT ST, R 0 20 40 60
Nd-YAG laser 2 (mm)

Fig. 8 2D-3C PIV results on the junction flow formed by wall-mounted cylinder: contours of secondary vortices

LLEN L L LR B

in the cross-sectional plane. Re = 10,000
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In the literature, 3D tomographic PIV has been applied to measure the wake flow behind

42
], as shown

cylinder, for example in airby Elsinga et al. 4 and in water byScarano & Poelma [
in Fig. 9. The results clearly show the presence and interaction of Karman vortex street and
counter-rotating stream-wise vortex pairs.Note that Reynolds numbers in these studies are still
relatively low, at Re ~ O(10%). It is envisaged that with technology development, it will soon
beapplicable in higher-Re flows. Actually, this technique has become more and more applied to
most flow configurations that can be characterized by single-point or planar techniques, including

jets and wakes, biological and biomedical flows, wall-bounded turbulence (see the latest review
[6])

Fig. 9 3D-PIV results on the wake of a circular cylinder. Instantaneous vorticity and velocity fields. Left:
Reproduced from Elsinga et al.>*], Re =2700 (in air); Right: Reproduced from Scarano & Poelma ™?, Re = 180 —
5540 (in water)

5 Concluding remarks and recommendations

This paperprovides a brief review of the development of PIV and its applications in the
hydrodynamics of cylindrical structures. PIV technique is rapidly developing, and the most
exciting is the emergence of 4D-PIV, which will bring us yet a step closer to the fluid
dynamicist’s dreamfor direct measurement of the turbulent flow fields globally with sufficiently
high spatial and temporal resolutions. While more sophisticated forms of PIV (e.g., TR-PIV,
volumetric PIV) are emerging and will impact efforts to understand turbulence, one should not
rush intocomplexity before mining the wealth of information that can be obtained using mature
2D PIV. New data reduction and post-processing techniques are required to further retrieve fluid
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mechanical relevant information from the PIV data, such as velocity gradientslike vorticity fields,

streamlines, body forces or even pressure fields.For implementation of PIV (even the basic 2D

planar PIV), one needs to be well aware of the pros/cons of the technique and to follow the

best-practice guidelines for the system operating in optimization to ensure the obtained results to

bevalid and accurate. It is recommended to combine PIV with other measurement techniques (e.g.

LIF, pressure or force measurement) or numerical simulations to gain more insight into the flow

field and the fluid-structure interactions.
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Three-dimensional sono-elasticity theory of ships with applications
70U Ming-song

(China Ship Scientific Research Center, Wuxi, 214082.

Email: zoumings@126.com)

Abstract: The three-dimensional (3-D) linear hydroelasticity theory!! for traveling ships is
incorporated with the hydro-acoustic channel theory to gain a three-dimensional (3-D)
sono-elasticity theory of ships as well as the accompanying computational techniques. The 3-D
sono-elasticity theory of ships is promising in the study of a series of engineering problems
including ship vibration and noise control, improvement of the acoustic stealth of underwater
vehicles, and optimization design of the overall performance of ships. In this work, the basics of
the 3-D sono-elasticity theory as well as the software, THAFTS-Acoustic, are briefly introduced.
Recent progress as well as an outlook of the future development and application of the 3-D

sono-elasticity theory is also summarized.

Key words: Ship; Fluid-Structure interaction; Hydroelasticity; Sono-elasticity.
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