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 The ultrasonic velocity pro fi le (UVP) method was originally developed for 
cardiovascular measurements in the human body by Japanese researchers in medical 
engineering almost 50 years ago, but it has not been extensively used until recently. 
This long delay was presumably because the research team lacked expertise in  fl uid 
dynamics and thus was unable to achieve an adequate understanding and interpretation 
of the results. 

 Roughly 30 years ago, I was looking for a technique that could be used to mea-
sure the  fl ow of opaque liquid metal when a colleague in medical engineering 
told me about the ultrasonic velocity method. I modi fi ed an existing instrument and 
demonstrated that the ultrasonic method could indeed measure the  fl ow in a liquid 
metal. This success stimulated me to extend the ultrasonic method so that it could be 
used to measure many kinds of  fl uid  fl ows. In the course of time, diverse  fl ow 
con fi gurations were tested to verify and validate the method. The results of this 
testing and validation demonstrated that the ultrasonic velocity method, referred to 
simply as UVP, was a powerful new tool in experimental  fl uid mechanics (EFD). 

 After using the UVP method for physics studies of  fl uid  fl ow, I realized that it 
might bring us a revolutionary change in EFD—namely, a change of emphasis from 
measuring average velocity pro fi les in space, or velocity time series at a  fi xed position 
in space, to one where the objective was to measure the instantaneous velocity 
distribution (i.e., the instantaneous velocity as a function of both space and time). 

 All the early developmental work was designed to con fi rm and emphasize this 
change in perspective. Many researchers in Europe and Japan were involved in the 
effort, and this book is a compilation of that research. 

 Originally this book was planned as a textbook for current users of the UVP 
method. Its purpose was later extended both to show the capability of the method for 
various types of applications and to encourage more use of the method. Publication 
of the book is the result of teamwork by the many researchers whose names appear 
in the following pages. I deeply appreciate their extensive and energetic work. 

 I would like to point out that a Users and Researchers Community has been 
formed, referred to as ISUD (International Symposium on Ultrasonic Doppler 
method in  fl uid  fl ow). A symposium is held every 2 years, and the reader is encouraged 

   Preface   
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to visit their website for more details. Finally, I would like to acknowledge 
that we have received constant support from Mr. G. Gogniat of Met-Flow 
S.A. (Lausanne)†. I am grateful to him for his support, without which the ultrasonic 
velocity method would not have been developed to the extent that we now enjoy. 
I am also grateful to all the people who worked to make this book possible. 

 Tokyo, Japan    Yasushi Takeda                   

† Mr. G. Gogniat passed away on 19. April 2012 before a completion of this book.
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  Abstract   The ultrasonic Doppler velocity pro fi ler (UVP) method is now an 
accepted and established tool in modern experimental  fl uid mechanics and  fl uid 
engineering. I presented my  fi rst set of results illustrating the versatility and power 
of UVP at the conference in 1985 [Takeda, Velocity pro fi le measurement by ultra-
sound Doppler shift method. In: Harada M, Pergamon (eds) Fluid control and mea-
surement, FLUCOME TOKYO ’85, Tokyo, 1985, p 851]. The span of almost two 
decades from introduction to acceptance is remarkably in accord with the remarks 
made by Leibovich (Annu Rev Fluid Mech 35, 2003) on the time it takes for novel 
theoretical ideas to gain acceptance in  fl uid mechanics. In the 1985 conference 
I presented the results of UVP measurement in several  fl ow con fi gurations and 
emphasized the importance of this development because it is a line measurement 
and different from point measurement. In the meeting I recall discussing the future 
of  fl ow measurement with R.J. Adrian, who admitted that line or areal measurement 
of  fl ow  fi eld is important. [Adrian extended the laser speckle method to a develop-
ment of PTV/PIV, which is also a key technology of current  fl ow measurements 
(Exp Fluids 39:159–169, 2005).] 

 In this review I give a brief history of the development of the ultrasonic Doppler 
velocity pro fi ler (UVP) and describe several examples of its diversity and use in 
 fl uid mechanics and engineering.  

    Chapter 1   
 Introduction            

 Yasushi   Takeda            

    Y.   Takeda   (*) 
     Hokkaido University, Sapporo, Japan 

Tokyo Institute of Technology, Tokyo, Japan          
e-mail:  yft@eng.hokudai.ac.jp   
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        1.1   Introduction 

    1.1.1   Principle 

 Although much weaker than a laser, ultrasound has the characteristics of a beam if 
the basic frequency and transducer size (or initial beam size) are carefully selected. 
An ultrasonic pulse is emitted from the transducer, and the same transducer receives 
the echo from tracer particles suspended in the  fl uid. The position information is 
obtained from the time lapse between the pulse emission and echo reception: an 
echo relationship; namely from where it is re fl ected. The velocity at the position can 
be obtained from the instantaneous Doppler shift frequency of the echo. The echo 
signal is treated so as to derive a series of Doppler shift frequency of the echo, to 
form a velocity distribution–velocity pro fi le. As the sound speed is fairly moderate 
and the attenuation is relatively small in liquid, very fast electronics are not neces-
sary to process the signals. This enables two simple principles—echo relationship 
and Doppler shift—to be successfully combined to produce a velocity pro fi le at 
high time resolution.  

    1.1.2   Historical 

 The ultrasound Doppler method had been used in earlier works, but all of them were 
for a small-diameter pipe  fl ow, and the velocity was a space-averaged value. The 
development was targeted for cardiovascular  fl ow, and medical electronics engi-
neers were the main developers. At that time the concept of measuring the velocity 
pro fi le in the  fl ow was not considered. The  fi rst appearance of this technique in 
general  fl uid mechanics was a work by Fox  [  1  ] , who reported theoretical and experi-
mental work on range-gated Doppler detection to form a velocity pro fi le. In the  fi eld 
of experimental  fl uid mechanics, there were some other works, such as papers by 
Garbini et al.  [  2,   3  ] , but the focus was on evaluation of turbulent intensity, and 
velocity pro fi ling was not considered. Similar works using the ultrasonic Doppler 
principle often appeared but few systematic studies were published. 

 I began a program of methodical development and investigation starting with a 
paper in 1986  [  4  ] . At the time Laser Doppler Anemometry (LDA) was the main tool 
for velocity measurements in experimental  fl uid dynamics (EFD) and thus compari-
son was made with LDA measurement in a pipe     [  5  ] . However, the importance and 
capability of obtaining a velocity pro fi le or velocity distribution instantaneously 
was still not fully appreciated.  

    1.1.3   Advantages 

 The UVP method has three main advantages over conventional measurement tech-
niques used in  fl uid mechanics and  fl uid engineering:
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    1.    UVP obtains high-resolution  spatiotemporal information  on the  fl ow  fi eld. 
By conventional techniques, most of the differential measurements such as hot-
wire or LDA were possible only at one position in space, although with very 
high time resolution. Visualized images—photographs—could give informa-
tion on spatial distribution of velocity or other quantities but only at one instant. 
Because an instantaneous velocity distribution can be obtained and recorded in 
a time series, it is like a “snapshot” of the  fl ow. The time between snapshots is 
short and thus they can be played back in movie form, although it is basically a 
single spatial dimension.  

    2.    UVP can be applied to  opaque  fl uids  such as liquid metals, chemical and phar-
maceutical substances, and organic  fl uids such as blood and food materials. 
These opaque  fl uids are often used not only in  fl uid engineering but also for fun-
damental physics studies such as magnetohydrodynamics (MHD), geosciences, 
and astronomy. Even if the  fl uid is transparent, such as water or petroleum, the 
walls of containers or conduits are usually opaque. The transducers can be placed 
behind these walls without disturbing the  fl ow.  

    3.    UVP is a  line measurement . The number of spatial points along the line range 
from about 30 to around 500 (depending on the system and development) so that 
UVP is very ef fi cient for  fl ow mapping. Flow mapping is necessary to know 
velocity pro fi le and  fl ow structure and is an important task for  fl uid engineers 
designing  fl uid machinery or devices: for example,  fl ow channels in cooling cir-
cuits for combustion engines, chemical plants, power generation plants, and land 
structures in civil engineering. Flow mapping is also important for comparison 
with the results of numerical simulation.      

    1.1.4   Paradigm Shift 

 The characteristics of the UVP method requires us to change the way we think 
about a  fl ow problem, its observation, and the interpretation of the measured results. 
For a long time there has been a discrepancy in the path of information  fl ow in  fl uid 
mechanical studies. In theoretical and numerical studies, the work is started to 
obtain the  fi eld quantity or characteristics of solutions, which are used for physics 
studies by using manipulation of images. In contrast, in the conventional experi-
mental study  fl ow visualization has been extensively used as a  fi rst step to gain 
information about the  fl ow before proceeding to quantitative measurements (for-
merly only point measurements) for studying physics. By inventing the UVP [as 
well as particle image velocimetry (PIV) these days], the work is started by  fi rst 
generating/obtaining the data on the  fi eld  fi rst and working on its physics using 
 various techniques of imaging of such data sets. It is hoped that barriers between 
branches of theoretical/numerical and experimental  fl uid mechanics can be lowered 
and it can work more smoothly in a collaborative manner (Fig.  1.1 ).  

 The UVP method has helped give rise to a paradigm shift—a fundamental change 
in the design, performance, and analysis of laboratory and  fi eld experiments and of 
industrial applications. For example, one should know that the well-known parabolic 
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velocity pro fi le in a pipe can never appear in a laboratory experiment without time-
averaging. An instantaneous velocity pro fi le re fl ects the out-of-equilibrium dynam-
ics that cause the pro fi le to deviate from the parabolic distribution. 

 Instantaneous velocity distribution is a part of the full solution of the equation 
governing  fl uid motion. As such it is possible to make direct comparison with theo-
retical and numerical results, just as is now done in meteorology using satellite-
measured velocity  fi elds. Moreover, the various principles for measurement of  fl ow 
characteristics based on theoretical integral values need to be revised. 

 Recent development of the measurement techniques of UVP, together with the 
PIV method, requires a paradigm shift for working with  fl uid  fl ow, not only in  fl uid 
mechanics and  fl uid engineering but also in all disciplines involving  fl ow. 

 In this review article, many works are introduced, being classi fi ed according to 
these advantages to the study of  fl uid motion made possible by UVP.   

    1.2   Spatiotemporal Flow Field 

 During and after the initial phase of development and establishment of the method, 
several new and challenging observations were reported: these were the observation 
of transient behavior of the  fl ow  fi eld in a rotating Taylor–Couette system (Fig.  1.2 ) 
 [  6  ] , spatial characteristics of dynamic properties in Taylor Couette Flow (TCF)  [  7,   8  ] , 
evolution of the  fl ow pattern in a Czokralski puller con fi guration (Fig.  1.3 )  [  9  ] , and 

  Fig. 1.1    Information  fl ow 
in studying  fl uid mechanics       

  Fig. 1.2    Flow development of Taylor vortices after a sudden start of the inner cylinder  [  6  ]  (with 
kind permission from Springer Science+Business Media)       
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  Fig. 1.3    Evolution of the  fl ow pattern in a Czokralski puller con fi guration (reprinted from  [  9  ]  with 
permission from Elsevier). Each marked timing (t1 to t8) indicates a change of  fl ow structure due 
to  fl ow instability. (a) transient state, (b) steady state. Detail be referred to the original paper       
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measurement of energy spectral density (Fig.  1.4 )  [  10  ] . Soon after these reports, it 
was shown that the velocity  fi eld can be obtained in the form of a spatiotemporal 
function and decomposed into fundamental modes using orthogonal functions. 
These spatiotemporal modes were then used to characterize the  fl ow  fi eld (Fig.  1.5 ) 
 [  11  ] . The energy spectrum or  fi eld decomposition is a fundamental methodology in 
physics studies. It was a signi fi cant step forward in experimental  fl uid mechanics to 
be able to obtain such information directly from the  fl ow  fi eld, rather than to rely on 
the Taylor frozen- fl ow hypothesis to convert frequency to wave number.     

 Quite often, the  fi rst appearance of a hydrodynamic instability, for example, depart-
ing from laminar  fl ow, is a change in the spatial distribution of the velocity  fi eld. The 
UVP method can capture this behavior quite well. Typical examples of the use of 
UVP in this type of investigation are found in the works by Aider and Wesfried  [  12  ]  
on Göertler vortices, by Le Gal et al.  [  13  ]  on multiple wakes, by Schouveiler et al.  [  14  ]  
on a rotating disk (Fig.  1.6 ), and by Peschard et al.  [  15  ]  on the cylinder wake.  

 In the physics study of  fl uid  fl ow, two types of investigations have been carried out 
that took advantage of spatiotemporal  fi eld measurements by UVP. One type is the 
study of turbulent  fl ow and its statistical characterization. Alfonsi et al. measured 
streamwise velocity  fl uctuations and velocity pro fi les in turbulent pipe  fl ow  [  16,   17  ] . 
However, their measurement system had insuf fi cient space and time resolution for 
investigating the characteristics of the  fl ow structure, and only average velocity pro fi les 
and various statistical characteristics were obtained. Le Guer et al.  [  18  ]  investigated 
probability distribution functions (PDFs) of velocity of a buoyant particle dispersion 

  Fig. 1.4    Measured energy spectral density (ESD)  [  10  ]  (Copyright (1993) by The American 
Physical Society)       
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in a pipe  fl ow. Mordant et al.  [  19  ]  measured Lagrangian velocity in turbulent  fl ow 
between two rotating disks. Although both Le Guer and Mordant applied the UVP 
method, neither took full advantage of spatiotemporal measurement. 

 The second type of investigations are those in which the velocity  fi eld was 
decomposed using fast Fourier transform (FFT) or orthogonal decomposition 
(POD) and thus make full use of the UVP measurement. In addition to those 
described earlier, Inoue et al.  [  20  ]  investigated the  fl ow  fi eld of wake behind the 
torus. Space-dependent power spectrum is a good methodology for this kind of 
investigation. Ern and Wesfried  [  21  ]  investigated the effect of time-periodic  forcing 
in the  fl ow between corotating cylinders. Lusseyran et al.  [  22  ]  studied a strati fi ed 
shear layer, and Inoue et al.  [  23  ]  investigated  fl ow structure in the near  fi eld of a 
square free jet. Inoue et al.  [  23  ]  also made a POD analysis of the  fl ow  fi eld, after 
discussing the space-dependent power spectra. Furuichi et al .   [  24  ]   investigated 
 fl ow transition in a backward-facing step  fl ow using POD analysis and global 

  Fig. 1.5    Spatio-temporal velocity  fi eld ( top ) and its two dimensional Fourier spectrum ( bottom ) (from 
 [  11  ] . Reprinted with permission from AAAS.)       
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entropy. Mashiko et al.  [  25  ]  studied the thermal convection of mercury  fl ow in a 
container and calculated the energy spectral density, and Tsuji et al.  [  26  ]  studied the 
mean wind in convective turbulence. 

 It should be pointed out that these physics investigations are a realization of the call 
made by Frisch and Orszag  [  27  ] —before the establishment of UVP and PIV—that 
“A high priority should be the development of data acquisition and visualization tech-
niques that will give spatio-temporal information across a broad range of scales.”  

    1.3   Opaque Liquids 

 It has been known for a long time that ultrasonic waves had the characteristics nec-
essary to investigate the  fl ow behavior of liquid metals. It has also been known that 
the ultrasonic wave is the only possible wave to be used for  fl ow investigation of 
other opaque liquids such as food materials, chemical and pharmaceutical reagents, 
and magnetic  fl uids such as ferro fl uid. Fowlis  [  28  ]  was possibly the  fi rst to take up 
the challenge of using the ultrasonic Doppler method for liquid metal study, but his 

  Fig. 1.6    Spatio-temporal velocity  fi eld showing a characteristic change of its structure on a 
rotating disk (a) raw data, (b) fi ltered data  [  14  ]  (with kind permission from Springer Science+
Business Media)       
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instrument was only able to measure the average velocity at a single point in a pipe. 
The original driving force for my development of the UVP was to invent a new 
measurement technology to study a liquid metal  fl ow to be used in the production of 
a neutron beam. I applied the method immediately after a successful measurement 
in water (Fig.  1.7 )  [  29  ] . It was very dif fi cult to judge if the measurement was correct 
because no visual observation was possible. Judgment was made based on observa-
tion of positive and negative  fl ow direction and the temporal change of the velocity 
pro fi le by controlling the  fl ow in a pipe. The velocity pro fi le changed its shape in 
response to the manual manipulation of the  fl ow controller.  

 Magnetic  fl uids is one of the most important applications of UVP in engineering 
research. Kikura et al.  [  30,   31  ]  checked its applicability using the Taylor–Couette 
con fi guration, and Sawada et al.  [  32  ]  investigated its use to study the sloshing of 
magnetic  fl uids in an oscillating container. Brito et al. measured the vortex  fl ow of 
gallium in a cylindrical container agitated by a propeller (Fig.  1.8 )  [  33  ] . Thereafter, 
Brito’s group used this method extensively for investigating the  fl ow in various 
con fi gurations using liquid metals  [  34  ] . Eckert and co-workers have reported using 
UVP to investigate liquid metals in a series of papers. Their  fi rst study was of 
 fl owing liquid sodium  [  35  ] , followed by a study of the  fl ow behavior in a casting 
model using mercury and InGaSn  [  36  ]  in the spin-up of a  fl ow driven by a rotating 
magnet  [  37  ] . Eckert’s group has extended application of the method to a high-tem-
perature environment by using a special sound guide system  [  38  ] , single bubble 
motion in liquid metal  [  39  ] , and bubble-driven jet  fl ow  [  40  ] .  

 Liquid metal  fl ows are of scienti fi c importance in physics and geosciences. 
Researchers at the University of Tokyo use mercury for their study of natural con-
vection in a barrel  [  25,   26  ] , of Ga  [  41  ] , and the effect of magnetic  fi elds  [  42,   43  ] . 
Brawn et al. obtained chaotic  fl ow motion of Na in spherical Couette  fl ow (Fig.  1.9 )  [  44  ] . 
Chaves et al.  [  45  ]  investigated a bulk  fl ow of a ferro fl uid in a uniform rotating mag-
netic  fi eld. The direct velocity measurement in those con fi gurations is now an essential 
methodology for experimental testing of various theories.  

  Fig. 1.7    Measured average velocity pro fi le of mercury  fl ow       
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  Fig. 1.8    Velocity pro fi le of gallium  fl ow  [  33  ]  (with kind permission from Springer 
Science+Business Media)       

  Fig. 1.9    Spatio-temporal velocity  fi eld of Na  fl ow (reprinted with permission from  [  44  ] . Copyright 
(2005), American Institute of Physics.)       
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 Opaque liquids other than liquid metals include various industrial substances 
such as foods and chemical agents. Ouriev  [  46  ]  applied UVP to a pipe  fl ow of dila-
tant suspensions of starch, which shows a strongly shear-thickening velocity pro fi le 
(Fig.  1.10 ). This work suggested the possibility of setting up an in-line shear viscos-
ity monitoring in combination with pressure drop measurement. They made a  fl ow 

  Fig. 1.10    Velocity pro fi le of starch  fl ow in a pipe (a) lower concentration and (b) higher concentration 
 [  46  ]  (with kind permission from Springer Science+Business Media)       
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mapping of food  fl ow in an extruder geometry and demonstrated the high potential 
of UVP to food  fl ow research, as well as rheological study  [  47,   48  ] .  

 A  fl ow with a  fi ber suspension was investigated by Bergstrom and Vomhoff  [  49  ]  
in a cylindrical hydrocyclone and Xu and Aidun  [  50  ]  in a rectangular channel. Both 
studies concluded the high potential of UVP for these substances and indicated that 
the theoretical models can be validated by measuring the velocity pro fi le for 
comparison. 

 Flows of other substances, such as slurry (glass beads) in an air lift reactor  [  51  ] , 
and oscillatory  fl ow of sand mixture  [  52  ] , were also attempted. 

 There are many more examples for this kind of application, all of which indicate 
that the use of ultrasound is powerful in  fl ow studies of such substances, especially 
unique in the methodology of modern EFD. 

 It should be added that even for transparent liquids such as water, the container 
walls are often opaque. Because the ultrasonic wave does not need the installation 
of a special observation window, the investigator is free to choose the measurement 
position along the channel  [  53,   54  ] .  

    1.4   Flow Metering 

 The capability of measuring the instantaneous velocity distribution in a pipe is chang-
ing the paradigm of  fl ow metering. The old paradigm is based on a principle of Heron 
and is said to be 2,000 years old  [  55  ] . Heron’s principle states: “… it does not suf fi ce 
to determine the section of  fl ow, to know the quantity of water ..... It is necessary to 
 fi nd the velocity of the current…”. Namely, the volume  fl ow rate was and still is esti-
mated as an average  fl ow velocity times cross-sectional area:  Q  =  Av . A paradigm shift 
has occurred to use the  fi rst principle of  fl ow rate as an integral of the total volume or 
mass  fl ux passing a cross section of the pipe, which corresponds to the integral of 
velocity distribution over an area  [  56  ] :

     ( ) ( , , )q q= ∫∫Q t v r t rdrd    (1.1)  

by assuming an axial symmetry, it is reduced to a simple one-dimensional form as

     0
( ) 2 ( , )= π∫

R
Q t v r t rdr    (1.2)   

 It should be noted that the  fl owrate so obtained is a time-dependent quantity, and 
this implies the  fl ow meter adopting this principle gives a transient  fl owrate with 
high accuracy, which conventional  fl ow meters are unable to measure. 

 Japanese companies are the main players for the industrial  fl ow metering busi-
ness. Tokyo Electric Power developed a system called UDFlow to measure the 
instantaneous  fl owrate with high accuracy  [  56  ] . Because the objective was to use 
this  fl ow meter in nuclear, fossil, and hydropower plants, validation experiments 
have been performed at various national standards institutes, such as NIST, NMIJ, 
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NMI, and CENAM  [  57  ] . Results of all tests give an extended uncertainty as low 
as 0.2%, which is a signi fi cant improvement over the measurement of  fl owrate 
accuracy achieved by conventional devices. Fuji Electric developed and marketed 
a device called Duosonics, which is a hybrid system of UVP and conventional 
TOF (time of  fl ight) methods  [  58  ] . The device can measure the  fl owrate of liquids 
containing bubbles or particles, which cannot be achieved using only the TOF 
principle. 

 The combined UVP-TOF methodology has been extended to different  fl ow 
con fi gurations. Murai et al.  [  59,   60  ]  developed a multiphase  fl ow metering system 
where the  fl owrates of gas and liquid  fl ow were measured obtained separately in the 
pipe  fl ow con fi guration. They modi fi ed Eq. ( 1.2 ) to include the phase distribution

     ( ) ( , , ) ( , , )q q q= ∫∫L LQ t v r t f r t drd    (1.3)  

for the liquid  fl owrate. Phase distribution  f  
L
  is obtained by analyzing the echo sig-

nals from multiple transducers or using optical methods. 
 An environmental  fl ow monitoring system has been developed using the same 

principle. Velocity distribution of small rivers or channels is measured and inte-
grated over the  fl owing area. The system is being developed for use in the  fi eld by 
Abda et al.  [  61  ]  and Yokoyama et al.  [  62,   63  ] .  

    1.5   Rheology 

 The instantaneous velocity distribution is a solution of the governing equations 
describing the motion of  fl uid materials. Conventionally, it is said that rheologi-
cal study does not include the subject of hydrodynamics in itself  [  64  ] , but  fl uid 
dynamicists are now active in this  fi eld as well. In addition to those given before 
in the section (opaque  fl uids), experiments attempt to determine the model 
parameters used in the various rheological models describing the dependence of 
viscosity or viscoelasticity on characteristics of the  fl ow. Mueller and Wunderlich 
 [  65  ]  measured velocity distributions for  fl ow in a pipe of Newtonian and non-
Newtonian  fl uids, such as polyacrylamide. From the time-averaged velocity dis-
tributions the velocity gradient distribution was calculated, and from that the 
viscosity function was determined. Ouriev  [  46  ]     investigated the rheological 
behavior of non-Newtonian  fl uids in a pressure-driven shear  fl ow and found a 
transition between strongly non-Newtonian and Newtonian velocity pro fi les with 
increasing  fl ow velocity, and an abrupt reduction of wall slip velocity. This inves-
tigation uses theoretical velocity pro fi les in combination with several viscosity 
models and comparison was made with the measured pro fi les to determine model 
parameters. 

 Wunderlich and Brunn  [  66 ,  67  ]  showed a possible development of a viscom-
eter for process monitoring using UVP. Wiklund et al.  [  68  ]  applied UVP to vari-
ous complex model  fl uids to measure rheological characteristics. Corvisier et al. 
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 [  69  ]  studied the development of a thixotropic  fl uid  fl ow in a pipe and used the 
capability of UVP to record a time series of instantaneous velocity distributions 
(Fig.  1.11 ). Dogan et al. constructed a measurement system using UVP to inves-
tigate rheological characteristics of tomato concentrate and other polymer melts 
 [  70,   71  ] . The possibility to develop an in-line rheometer using the UVP principle 
is indicated by these and other investigators  [  72  ] . Following publication of the 
foregoing papers, various rheological materials have been investigated using 
UVP. Brunn et al.  [  73  ]  investigated the characteristics of body lotion, which 
shows a Newtonian behavior up to a yielding point of shear rate where a phase 
change occurs. Bachelet et al.  [  74,   75  ]  used the UVP method to validate their 
indirect determination of a power law viscosity function for a Newtonian  fl uid. 
Xu et al .   [  50  ]  investigated characteristics of  fi ber suspension  fl ow for different 
 fi ber concentrations and included the effect in the normalized velocity pro fi le. 
Many other groups have carried out studies of the rheological behavior of various 
industrial substances  [  76–  82  ] .   

  Fig. 1.11    Evolution of axial velocity pro fi le for the Veegum suspension:  U  
d
  = 0.1 m/s  [  69  ]  (with 

kind permission from Springer Science+Business Media)       
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    1.6   Summary 

 The data obtained by UVP are the instantaneous velocity distribution in differential 
form. This substantial change of data format from the conventional point measure-
ments has led to a change of methodology in experimental  fl uid mechanics. Many 
of the well-known  fl ow con fi gurations might be revisited to obtain new insight into 
the  fl ow structure and its dynamic behavior. 

 The development of the UVP technique during its earliest stages was mainly 
undertaken by medical engineers. We are far from this  fi eld, and thus the work 
related to medical application is not reviewed here. Many investigations of multi-
phase  fl ow, environmental  fl ow, and in the  fi eld of civil engineering are now using 
the same principle of velocity pro fi ling. Reviewing the work in those  fi elds is out of 
the author’s reach. 

 One last thing to note is that there is a forum, meeting biannually, where scien-
tists and engineers gather to present progress in their investigations. The name of 
this forum is ISUD (International Symposium on Ultrasonic Doppler method for 
Fluid Mechanics and Fluid Engineering). Efforts made by the members of this 
forum for the development and establishment of the UVP technique are highly 
acknowledged. 

 In preparing this review, I am grateful to Dr. G.P. King at University of Lisbon, 
who worked with me quite often from the early stages of the development work, and 
Prof. E. Windhab at ETH Zürich for his constant support and collaboration. Many 
Japanese researchers are also highly appreciated for their contributions to the ongo-
ing development of this method.      
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  Abstract   Ultrasonic velocity pro fi lers (UVP) utilize a pulsed ultrasonic beam and 
the scattering of ultrasonic waves on tracer particles to obtain instantaneous velocity 
pro fi les. This chapter summarizes (1) basic characteristics of ultrasonic waves, their 
propagation, diffraction, in fl ection, re fl ection, transmission, interference, and scat-
tering (Sect.  2.3 ); (2) the formation of pulsed ultrasonic beams (Sects.  2.4  and  2.5 ); 
(3) mode transformations between longitudinal and transversal (shear) waves used 
in  fl ow measurements in pipes with thicker walls (Sect.  2.6 ); and (4) basics of ultra-
sonic transducers that generate ultrasonic beams are also explained (Sect.  2.7 ). All 
the explanations about ultrasonic waves given here help to understand the principles 
and con fi gurations of UVP measurements and to distinguish the content that is 
 further highlighted in comparison with other textbooks of ultrasonic physics or 
ultrasonic techniques.  

  Keywords   Beam formation  •  Pulsed ultrasonic beam  •  Ultrasonic transducer  
•  Ultrasonic wave      

    2.1   Acoustic and Ultrasonic Waves 

 The ultrasonic waves used in UVP measurements are waves resembling the laser 
light used for laser Doppler anemometry (LDA), but they have different character-
istics. Because ultrasonic waves are invisible, great care must be shown by the user 

    Y.   Takeda           
     Hokkaido University, Sapporo, Japan

Tokyo Institute of Technology, Tokyo, Japan                

            Y.   Tasaka (*)   
     Faculty of Engineering ,  Hokkaido University ,   Sapporo ,  Japan    
e-mail:  tasaka@eng.hokudai.ac.jp   

    Chapter 2   
 Ultrasonic Wave for Fluid Flow       

      Yasushi   Takeda    and    Yuji   Tasaka            



22 Y. Takeda and Y. Tasaka

of ultrasonic waves as careless use of ultrasonic waves in measurements may result 
in erroneous results. This chapter details the basic characteristics of ultrasonic 
waves, the formation of ultrasonic beams, and the evaluation of the qualities of such 
beams to enable a detailed understanding of the measurement principles and 
con fi gurations of UVP. 

 Acoustic waves are de fi ned as longitudinal and transversal waves of elastic vibra-
tion propagating in elastic media. Ultrasonic waves are acoustic waves that have 
frequencies higher than the audible limit of the human range. There is no exact 
de fi nition of what constitutes “higher frequencies,” but these are generally assumed 
to be frequencies of 20 kHz or higher. Because of their short wavelength, ultrasonic 
waves achieve high directional coherence. The general characteristics of ultra-
sonic waves are similar to those of acoustic waves and may be explained by the 
mathematical description of acoustic waves (Sect.  2.2 ), the basics of the character-
istics of the propagation of acoustic waves (Sect.  2.3 ), the formation of pulsed ultra-
sonic beams (Sects.  2.4  and  2.5 ), and mode transformations between longitudinal 
and transversal (shear) waves that are used in  fl ow measurements in pipes with a 
thicker wall (Sect.  2.6 ). This chapter also provides details of the fundamentals of the 
ultrasonic transducers that generate ultrasonic beams (Sect.  2.7 ). The explanation of 
acoustic and ultrasonic waves is provided to ensure an understanding of the princi-
ples of UVP measurement, and details of the derivation of equations, etc., are omit-
ted. For readers who require more theoretical information about ultrasonic waves, 
the works by Povey  [  1  ]  and Krautkrämer  [  2  ]  are recommended.  

    2.2   Mathematical Description of Acoustic Waves 

 Longitudinal and transversal waves propagating in media as acoustic waves are 
waves of small volume changes ( longitudinal sound wave ) and deformation waves 
without volume changes ( shear wave ), respectively. Fluid media, excluding vis-
coelastic  fl uids, do not support strains, and as a result shear waves do not propagate 
in the media. The speed of propagation of the acoustic waves (speed of sound) 
depends on whether the waves are longitudinal or shear waves, and not only on the 
medium. 

 For acoustic waves propagating in  fl uid media, that is, longitudinal sound waves, 
the volume changes induced by the propagation of the longitudinal waves are repre-
sented as a pressure variation in medium. If the speed of  fl ow of a  fl uid is suf fi ciently 
much slower than the speed of sound in the medium, propagation of acoustic waves 
is described as  fl uctuation in pressure  P  versus the static pressure (pressure without 
acoustic wave propagation,  P  

s 
). Variation in the pressure resulting from wave propa-

gation at a point is de fi ned as the sound pressure:

     ( , ) sp x t P P= −    (2.1)   
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 The magnitude of the sound pressure is represented by the effective sound pressure:

     
2

e 0

1
( )d

T
P p t t

T
= ∫    (2.2)   

 Usually the sound pressure is very much smaller than the static pressure, and the 
variations in the physical variables related to the sound pressure are also small, 
resulting in their squared and higher-order terms becoming negligible in the equa-
tions. Acoustic waves caused by volume changes are described by the displacement 
 d  of a small volume of the medium at a point  x  ( x ,  y ,  z ) as

     
, , ,p K

x y z

⎛ ⎞
= − ∇ ∇ = ⎜ ⎟⎝ ⎠

d
� � �

� � �  ,  (2.3)  

where  d  = (  x  ,   h  ,   z   ) is the displacement vector and  K  is the bulk modulus of the 
medium. By substituting this into the Eular equations, which are equations of motion 
for inviscid (nonviscous)  fl uids, and utilizing the relationship ∂ ∂( ) / (u u— —t =d  the 
velocity vector of the  fl uid particle motion from the propagation of the acoustic 
wave), the differential equation for  p  is derived as

     
, ·

p K
p

t
= Δ Δ = ∇ ∇

r
�

�  
.  (2.4)   

 This equation is termed the  wave equation  and indicates that  p  propagates with the 
speed of waves traveling in the medium as a wave:

     
K

c =
r    (2.5)   

 The traveling speed  c  is the  speed of sound . 
 For one-dimensional waves propagating in the  x  direction [ one-dimensional  ( 1D) 

plane waves ], Eq. ( 2.4 ) has a general solution:

     
( , ) ( / ) ( / )p x t F t x c G t x c= − + +

   (2.6)   

 The  fi rst and the second terms of Eq. ( 2.6 ) represent the progressing wave and the 
backward-moving wave, respectively. A progressing sinusoidal wave with ampli-
tude  A  

+
  and initial phase   j   

0+
  is represented as

     0( , ) sin(2 )+ + += − +p x t A ft kxp j
   (2.7)  

where  f  and  k  are the  frequency  (number of oscillations per unit time;   w   = 2 p   f  is the 
 angular frequency ) and the  wave number  (number of oscillations per unit length). 
The relationship between  f ,  k , and  c  is expressed by



24 Y. Takeda and Y. Tasaka

     c k
= w

 .  (2.8   )   

 Further,   j   =   w t  −  kx  +   j   
0
  is termed the  phase , and a wave provides the same value for 

the same phase even for different moments  t  and different positions  x . The distance 
of propagation of waves for one cycle ( T  = 1/ f )

     
c

cT
f

= =l    (2.9  )  

is called the  wavelength . 
 By describing the displacement of the  fl uid particle motion resulting from the 

wave propagation for 1D plane waves as

     ( , ) ( / )x t t x c= −x x    (2.10  )  

the velocity of the  fl uid particle is expressed as

     
d

( , )
d( / )

u x t
t t x c

= =
−

x x�

�  
.  (2.11   )   

 Then, Eq. ( 2.3 ) provides the sound pressure:

     
d

( , )
d( / )

K
p x t K

x c t x c
= − =

−
x x�

�    (2.12   )   

 As in the foregoing equation, the sound pressure and the velocity of the  fl uid 
particle observed at a point are always a proportional relationship and in the 
same phase for 1D plane waves. The ratio of the pressure to the velocity of 
 fl uid particles,  Z  =  p / u , is called the  acoustic impedance  and becomes

     
p

Z c
u

= = r    (2.13  )  

for 1D plane waves (according to Eq. ( 2.5 ),  K  =   r c  2 ). With Eq. ( 2.13 ),  Z  is a speci fi c 
constant for a medium, and it is also called the  characteristic acoustic resistance . 
This value has great importance with more than one medium.  

    2.3   Fundamentals of Propagation 

 The propagation characteristics of acoustic wave are as those for other waves; for 
example, there are diffraction, in fl ection, re fl ection, transmission, and interference. 
Consideration of these characteristics is important in designing measurement sys-
tems and particulars of the formation of ultrasonic beams. 
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    2.3.1   Diffraction 

 Diffraction is the phenomenon in which waves encountering an obstacle move 
around it and continue movement beyond the obstacle. Figure  2.1a  is an example 
of diffraction, where a plane wave moves perpendicularly into a plate with a gap 
2 a . In this situation a part of the wave passes through this gap and propagates 
behind the plate as if emitted by a point source at the center of the gap. The further 
propagation and broadening of the wave depend on the wavelength of the incident 
wave,   l  , relative to the size of the gap. The sound pressure  P  

e
 ( r ,   q  ), relative to that 

at the axis of the gap,  P  
e
 ( r , 0), varies with the propagation angle   q  . The variation of 

 P  
e
  at the distance from the gap,  r  =  R , is shown in Fig.  2.1b , where the position  r  =  R  

is assumed to be far enough from the gap. The in fl uence of the diffraction becomes 
negligibly small when the gap size is large compared to the wavelength.   

    2.3.2   Re fl ection, Transmission, and In fl ection at an Interface 

 The interface considered here is de fi ned as the boundary between two media that have 
different acoustic impedances (Eq. ( 2.13 )), as suggested in Fig.  2.2 . When an acoustic 
wave reaches an interface at an angle   q   

1
 , the amplitudes of the sound pressures of the 

incident wave,  p  
i
 , the re fl ected wave,  p  

r
 , and the transmitted wave,  p  

t
 , are related as 

     
2 1 1 2

r i
2 1 1 2

cos cos
cos cos

Z Z
p p

Z Z

−=
+

q q
q q  ,  (2.14  )  
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  Fig. 2.1    ( a ) Diffraction of a plane wave passing through a gap. ( b ) Broadening of waves as a result 
of diffraction versus wavelength       
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     t i rp p p= +  .  (2.15)   

 The re fl ection coef fi cient  R  is de fi ned as the ratio of the amplitude of the acoustic 
pressure of the re fl ected wave to that of the incident wave, 1  and Eq. ( 2.14 ) 
becomes

     
r 2 1 1 2

i 2 1 1 2

cos cos
cos cos

p Z Z
R

p Z Z

−= =
+

q q
q q  

.  (2.16)   

 The transmission coef fi cient  T  is the ratio of the acoustic pressure amplitude of the 
transmitted wave to that of the incident wave, and with Eqs. ( 2.15 ) and ( 2.16 )

     
t 1 2

i 2 1 1 2

2 cos
1

cos cos

p Z
T R

p Z Z
= = − =

+
q

q q  
.  (2.17)   

 Equations ( 2.16 ) and ( 2.17 ) indicate that the incident wave and the transmitted wave 
are in phase, but that the re fl ected wave is the phase opposite to the incident wave 
when  Z  

1
  >  Z  

2
 . With incident waves crossing from a liquid medium to a gas medium, 

 Z  
1
  >>  Z  

2
       ,  T  may be assumed zero, and the re fl ected wave is in the phase opposite to 

the incident wave. 
 The in fl ection of the wave at the interface follows Snell’s law, which represents 

the incident angle   q   
1
  and in fl ected angle   q   

2
  as

Incoming wave

c1

c2

Reflected wave

Refracted wave

Medium 1

Medium 2

q1 q1

q 2

  Fig. 2.2    Re fl ection, transmission, and in fl ection at an interface between two different media       

   1    R  is sometime expressed using square of  p  as an energy ratio.  
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1 1

2 2

sin
sin

c

c
=q

q    (2.18)  

where  c  
1
  and  c  

2
  represent the speed of sound in the respective media. With this equation, 

  q   
2
  = 90° suggests that all the incident waves are re fl ected at the interface and   q   

1
  in this 

condition is termed the  critical angle  (  q    
1
  = sin −1 ( c  

1
 / c  

2
 )): acoustic waves cannot penetrate 

an interface with incident angles that are larger than this critical angle. When ultrasonic 
transducers are mounted on the outside walls of a  fl ow channel, the angle of attachment 
of transducers must be smaller than this critical angle. Where there are extremely small 
differences in the acoustic impedance between two media, the transmission coef fi cient 
also becomes extremely small even though the incident angle is larger than the critical 
angle; this makes it critical to show great care in the selection of the material of the wall. 
If there is no possibility of choosing a suitable material, impedance matching becomes 
necessary. Impedance matching is achieved by putting a material with intermediate 
acoustic impedance between the  fl uid and the channel wall material on the wall. In the 
selection of tracer particles, large differences in the acoustic impedance of  fl uid and 
particles must be considered together with the traceability of the  fl ows (see Sects.   3.2.3     
and   3.3.5    ).  

    2.3.3   Interference 

 The wave equation is linear, and solutions can be superimposed; for instance, the 
interference of two plane waves expressed by Eq. ( 2.7 ),  p  

+1
  and  p  

+2
 , which have 

the same frequency and the same wave number, provides a wave (a  synthetic wave ) 
expressed by

     1 2 1 1 2 2( , ) sin( ) sin( ) sin( )p x t p p A A A+ + + + + += + = + =j j j
   (2.19)  

where   j   
 n 
  =   w t  −  kx  +   j   

0 n 
  ( n  = 1 or 2),   j   =   w t  −  kx  +   j   

0
 , and  A  

+
  and   j   

0
  are, respectively,

     
2 2
1 2 1 2 01 022 cos( )A A A A A+ + + + += + + −j j  ,  (2.20)  

     
1 01 2 02

0
1 01 2 02

sin sin
tan

cos cos

A A

A A
+ +

+ +

+
=

+
j j

j
j j  .  (2.21)   

 These equations indicate that interference increases the amplitude of synthetic 
waves with the same phase and reduces the amplitude for phase differences of a 
half cycle. 

 Next, the interference between an incoming wave perpendicular to an interface 
and its re fl ected wave is considered. Describing the sound pressure of the incident 
wave  p  

i
  and the re fl ected wave  p  

r
  as

http://dx.doi.org/10.1007/978-4-431-54026-7_3#Sec17_3
http://dx.doi.org/10.1007/978-4-431-54026-7_3#Sec29_3
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     i i 0( , ) sin( )ip x t A t kx= − +w j
 
,  (2.22)  

     r r 0( , ) sin( )rp x t A t kx= + +w j  ,  (2.23)  

the synthetic wave becomes

     i r( , ) ( )sin( ( ))p x t p p A x t x= + = +w j
 
.  (2.24)   

 The amplitude and phase of the synthetic wave are expressed as

     
2 2
i r i r 0 0( ) 2 cos[2 ( )]i rA x A A A A kx= + + − −j j

   (2.25)  

     
i 0 0

0 0

sin( ) sin( )
tan ( )

cos( ) cos( )
i r r

i i r r

A kx A kx
x

A kx A kx

− − + +
=

− + +
j j

j
j j    (2.26)   

 In the foregoing equation, the amplitude of the wave is a function of  x  and reaches 
a maximum,  A  

max
  =  A  

i
  +  A  

r
 , at

     
0 0 ( 0,1,2, )

2 2 2
i rx m m

−
= − + = …

j jl l
p    (2.27)   

 (  l   is the wavelength) and a minimum value,  A  
min

  =  A  
i
  −  A  

r
 , at

     
0 0 ( 0,1,2, )

2 4 2 2
i rx m m

−
= − − + = …

j jl l l
p  .  (2.28)   

 The variation in the amplitude in the  x  direction takes the maximum and minimum 
values alternating with a period of   l  /4, and the wave motion appears to be stable 
(unchanging). Such synthetic waves are termed  standing waves .  

    2.3.4   Scattering 

 When acoustic waves are re fl ected at a  fi nite interface, the re fl ected wave is gener-
ated with infraction, and this has a distribution of sound pressure intensities in the 
angular direction: this is called  scattering . At the  long wavelength limit  (the  Rayleigh 
limit ), where the wavelength of the incident ultrasonic wave,   l  , is greater than the 
diameter of the particle,  d , causing the scattering, the situation of the scattering 
becomes simpli fi ed. For spherical interfaces the re fl ected wave has the typical lobe-
shaped characteristic, where the intensity becomes large in the direction of the prop-
agation of the incident wave as well as in the opposite direction (Fig.  2.3 ): these are 
called  front- and back-scattering . UVP utilizes this back-scattering to obtain ultra-
sonic echo information from tracer particles. The distribution of the intensity is the 
result of visco-inertia scattering of the ultrasonic wave, and particles that have larger 
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differences in the densities relative to the  fl uid provide larger scattering echo inten-
sities. Microbubbles, therefore, would be good scatters, but it is also necessary to 
consider  fl ow traceability (see Sect.   3.3.5    ).   

    2.3.5   Re fl ection and Transmission at Multiple Interfaces 

 So far the discussion has considered a single interface and its re fl ection, transmis-
sion, and diffraction. In actual situations, however, it is often necessary to take 
account of multiple interfaces. This section considers a situation with two layers of 
the same material (material 1) on both sides of a plate of a different material (mate-
rial 2) with a  fi nite thickness,  d  (Fig.  2.4 ). When an acoustic wave propagates per-
pendicularly to the interface, re fl ection and transmission occur at the boundaries 
between material 1 and plate (material 2), and again at plate and material 1. 
Describing the impedance ratio between the materials as 

     
1

2

Z
m

Z
=  .  (2.29)   

 The overall transmission coef fi cient and re fl ection coef fi cient including the two 
boundaries are expressed as

     
2

2

1

1 1 2
1 sin

4

plateT
d

m
m

=
⎛ ⎞+ −⎜ ⎟⎝ ⎠

p
l

   (2.30)  

Incoming wave

λ

Wave front

Particle

(Scatter)

Scattering echo

  Fig. 2.3    Schematic illustration of ultrasonic scattering from a particle that is smaller than the 
wavelength of the ultrasonic wave       
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   (2.31)  

where   l   is the wavelength in the plate (material 2). From the foregoing equations 
the transmission and re fl ection coef fi cients vary periodically depending on the  d  to 
  l   ratio. The re fl ection coef fi cient becomes the minimum (the transmission coef fi cient 
becomes the maximum) at  d /  l   =  n /2 ( n  = 0, 1, 2,…) and becomes the maximum 
(transmission rate becomes the minimum) at  d /  l   = (2 n  + 1)/4 ( n  = 0, 1, 2,…). 
Therefore, the optimum thickness of the plate for transmitting acoustic waves would 
be half the wavelength in the plate.   

    2.4   Formation and Characteristics of Ultrasonic Beams 

 The previous sections considered plane or spherical waves. In UVP measurements, 
however, ultrasonic beams that have high directional coherence are utilized. The 
width of the beams determines the size of the measurement volume in UVP mea-
surements, and the width should be kept small to enable high spatial resolution. The 
following section considers the formation of ultrasonic beams and the characteristic 
properties of the beams. 

Material 1

Material 2 (plate)

Material 1

Incident wave Reflected wave

Transmitted wave

Reflected wave

Transmitted wave

Transmitted wave

d. . .

Total reflected wave

Total transmitted wave

  Fig. 2.4    Schematic diagram of multiple re fl ections and transmission       
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    2.4.1   Formation of Ultrasonic Beams 

 Figure  2.5  shows an ultrasonic beam formed by periodic oscillations of a disk-like 
oscillator with diameter  D  

0
 . The sound pressure  fi eld displayed here is the numerical 

solution of the wave equation (Eq. ( 2.4 )) normalized by its maximum value. The 
conditions for the calculation are the medium is water (speed of sound  c  = 1,480 m/s), 
 D  

0
  = 7 mm, and frequency  f  = 8 MHz. The acoustic waves generated by the oscilla-

tion of a  fi nite plate can be considered as a group of spherical waves generated by 
multiple sound sources across the plate (Fig.  2.6 ). Near the oscillator, the area called 
the  near- fi eld , a complex sound  fi eld is formed as a result of the interference of the 
waves: this area is not suitable for UVP measurements because of the nonuniform 
sound pressures. Further from the oscillator, the sound pressure gradually becomes 
stable and creates a beam-like distribution with higher directional coherence; this 
beam-like distribution of the sound pressure is termed the  main lobe . Away from the 

Near-field

Side-lobe

D0

Oscillator
Main-lobe

5

−5

0

1

0

p/p0

0 100

  Fig. 2.5    Shape of an ultrasonic beam from an oscillator (sound pressure  fi eld) by numerical simu-
lation of the wave equation (Eq. ( 2.4 )) under the conditions diameter of oscillator  D  = 7 mm, fre-
quency  f  = 8 MHz, in water)       

Wave front

Oscillator

  Fig. 2.6    Schematic 
representation of group of 
spherical waves formed on 
an oscillator       
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main lobe, relatively higher sound pressure regions are also formed; these are termed 
 side lobes  and may be a source of erroneous results in UVP measurements.    

    2.4.2   Near-Field and Far-Field 

 The sound pressure distribution in ultrasonic beams formed by an oscillator along 
the central axis of the propagation,   x  , is given as

     

2

20
0/ 2sin

2

D
p p

⎧ ⎫⎡ ⎤⎛ ⎞⎪ ⎪⎢ ⎥= + −⎨ ⎬⎜ ⎟⎝ ⎠⎢ ⎥⎪ ⎪⎣ ⎦⎩ ⎭

p x x
l  .  (2.32)   

 The equation shows that the variation of the sound pressure depends on the wave-
length   l   and the diameter of the oscillator  D  

0
 , and Fig.  2.7  shows the variation of the 

sound pressure along the axis. As was also shown in Fig.  2.4 , the sound pressure 
changes intricately near the oscillator and has many extreme values, but the varia-
tions become monotonic after the minimal point at     2

0 / (8 )D λ=x    and decrease 
gradually after the maximal point at     2

0 / (4 )D λ=x   . The region of     2
0 / (8 )D λ<x    

in an ultrasonic wave is de fi ned as the  near- fi eld  (NF) and the region beyond this 
point is de fi ned as the  far- fi eld . The length of the near- fi eld is 

     

2
0

8NF

D

λ
=x    (2.33)  

and smaller oscillators and longer wavelengths result in shorter near- fi elds.  

    2.4.3   Divergence and Attenuation of Ultrasonic Waves 

 To quantify the variation in the intensity of ultrasonic waves, the  sound pressure 
level  (SPL) concept is introduced: this expresses the intensity of the sound pressure 
in dB and is given by

p/p0

ξ

D0
2/4λ

D0
2/8λ

Near-field Far-field

  Fig. 2.7    Variations in the sound pressure on the central axis of an ultrasonic beam       
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e
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e0

20log [ ].
P

L dB
P

=    (2.34)   

 Attenuation of an ultrasonic beam is the result of divergence of the circular beam 
(as suggested in Fig.  2.8 ) and also of absorption of energy by the media the beam 
penetrates. In the far- fi eld the maximum pressure is always at the center line of the 
beam. De fi ning a divergence angle of the beam,   g   

0
 , as the half-width of the sound 

pressure (−6 dB), the angle is given by the wavelength,   l  , and diameter of the oscil-
lator,  D  

0
 , as 

     
1

0
0

sin 0.70 .
D

− ⎛ ⎞
= ⎜ ⎟⎝ ⎠

xg
   (2.35)   

 Figure  2.9  shows a simple estimate of the beam divergence for different oscillator 
sizes,  D  

0
 , where  D  represents the beam diameter of the half-width of the sound pres-

sure. The conditions for the estimates in Fig.  2.9  are the frequency,  f  
0
  = 2 MHz; the 

speed of sound,  c  = 1,480 m/s (water); and  D  
0
  = 5 mm and 10 mm. Depending on the 

initial diameter of the beam, the ultrasonic beam for  D  
0
  = 5 mm has a smaller diam-

eter than that of  D  
0
  = 10 mm until   x   ~ 50 mm. However, the initial advantage disap-

pears at   x   > 50 mm, and thus the oscillator with  D  
0
  = 10 achieves a  fi ner ultrasonic 

beam at   x   > 50 mm.  
 Absorption of ultrasonic energy is classi fi ed by the viscosity, thermal conduc-

tion, and molecular absorption of the media. The acoustic pressure at counting for 
the absorption for plane waves that propagate to the   x   direction is expressed as

     e e0 exp( )P P= −ax  .  (2.36)   

 Here   a   is the attenuation coef fi cient, and the viscosity and thermal conduction are 
given as

     

2

3
p

4 ( 1)

2 3c c

⎛ ⎞−= +⎜ ⎟
⎝ ⎠

w m k ga
r  .  (2.37)  
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  Fig. 2.8    Divergence of an ultrasonic beam formed by a circular oscillator       
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where   m  ,  c  
p
 ,   k  , and   g   are the viscosity, speci fi c heat, thermal diffusivity, and speci fi c 

heat ratio of  fl uids, respectively. According to the foregoing equation,   a   increases in 
proportion to the square of the frequency of the ultrasonic wave (angular frequency, 
  w  ). The molecular absorption is attenuated by oscillation of the molecules constitut-
ing the  fl uid medium, resulting from the propagation of ultrasonic waves. The oscil-
lation depends on the wavelength   l   as well as the size of molecules and their 
structure, resulting in estimates of the absorption characteristics becoming dif fi cult 
for complex molecules such as polymers.   

    2.5   Continuous and Pulsed Waves 

 The formation of ultrasonic beams in Figs.  2.5  and  2.7  is for continuous waves that 
are generated by continuous oscillations of an oscillator. Ultrasonic waves used in 
UVP measurements are pulsed waves, and the pulse length determines the size 
(axial extent) of the measurement volume; to keep the measurement volume small, 
pulse lengths should be as small as possible. However, a small number of cycles in 
the pulse do not provide clear beams because of a lack of interference in the near-
 fi eld; for example, a one-cycle pulse forms spherical waves (Fig.  2.10a ) with the 
divergence angle of the beam extremely wide, and a four-cycle pulse (Fig.  2.10b ) 
achieves packet-like beams with high directional coherence. In practice, pulsed 
waves with four or more cycles are conventionally regarded as continuous waves 
and have propagation characteristics equivalent to continuous waves. The number 
of cycles required to form a pulsed ultrasonic beam was evaluated by numerical 
simulations of the wave equation; the four-cycle case is shown in Fig.  2.11 .    
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  Fig. 2.9    In fl uence of diameter of the oscillators on the divergence of ultrasonic beams, for oscil-
lator diameters of 5 and 10 mm       
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    2.6   Mode Transformation 

    2.6.1   Acoustic Wave and Speed of Sound in Solid Media 

 In solid media, there are both longitudinal waves resulting from volumetric changes 
and transverse shear waves from deformations without volumetric changes, a situa-
tion that does not occur in liquid media. The speed of propagation of longitudinal 
waves in a solid medium is given as

  Fig. 2.10    Ultrasonic wave formed by a one-cycle pulse ( a ) and a four-cycle pulse ( b )       
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  Fig. 2.11    Sound pressure  fi eld for a pulsed ultrasonic beam with four-cycles (numerical simulation)       
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     l

1

(1 )(1 2 )

E
c

−=
+ −

m
r m m  .  (2.38)   

 The speed of the shear waves is

     s

1

2(1 )

E G
c = =

+r m r  ,  (2.39)  

where  E ,   r  ,  G , and   m   are the Young’s modulus, density, modulus of shear, and 
Poisson’s ratio, respectively, and the two kinds of sound speeds,  c  

l
  and  c  

s
 , are related 

in the following equation:

     s l l

1 2

2(1 )
c c c

−= ≡ Γ
−

m
m    (2.40)   

   m   takes a value from 0 to 0.5, and  G  in the above equation has a value from 0 to 
0.707. Thus, the speed of propagation of the shear wave is slower than that of the 
longitudinal wave, and the maximum is about 70% of the longitudinal wave.  

    2.6.2   Mode Transformation between Longitudinal 
and Shear Waves 

 When an acoustic wave crosses a liquid–solid interface obliquely (Fig.  2.12 ), the 
incident wave does not generally keep its original mode (longitudinal and shear 
modes) and the wave becomes divided into several re fl ected and transmitted waves 
with different modes (a  mode transformation ). The following considers the mode 
transformation of these cases: (a) a longitudinal wave propagating in a liquid 
medium entering a solid medium; (b) a longitudinal wave propagating in a solid 
medium entering a liquid medium; and (c) a shear wave propagating in a solid 
medium crossing a solid–liquid interface (Fig.  2.12 ).  

 As above, acoustic waves propagating in liquid media are only longitudinal 
waves. However, as shown in Fig.  2.12a , a shear wave is generated as the result of 
the mode transformation at the transmission into the solid medium, when the longi-
tudinal wave in a liquid medium crosses the liquid–solid interface at an angle   a  . The 
angle of propagation of the shear wave is determined by Snell’s law as sin   a   

t
 /

sin   a   =  c  
s
 / c , where  c  and  c  

s
  are the speed of sound in liquid media (Eq. ( 2.5 )) and the 

speed of the shear wave propagating in the solid medium (Eq. ( 2.39 )). The re fl ection 
coef fi cient in this case is determined by the speeds of sound ( c  

l
  is the speed of sound 

for the longitudinal wave propagating in the solid medium) and density (  r   is for the 
liquid and   r   

s
  is for the solid media) in the two media, and also the angles of propaga-

tion of the waves (  a   
l
  is the in fl ection angle of the longitudinal wave in the solid 

medium) as
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   (2.41)   

 The transmission coef fi cient for the longitudinal wave is given as

     ll s

2
cos 2T

N
= a    (2.42)  

and that of the shear wave is

     

2

s
sl l

l

2
sin 2

c
T

N c

⎛ ⎞
= − ⎜ ⎟⎝ ⎠

a  .  (2.43)   

 There are two cases of the mode transformation at solid–liquid interfaces: 
whether the incident wave reaching the interface is a longitudinal wave or a shear 
wave. For longitudinal waves (Fig.  2.12b ), the re fl ection coef fi cient for re fl ected 
longitudinal waves is
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N c c

⎡ ⎤⎛ ⎞
⎢ ⎥= − +⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦

ara a a
r a    (2.44)  

and the re fl ection coef fi cient for the re fl ected shear waves caused by the mode trans-
formation is
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  Fig. 2.12    Mode transformations between longitudinal and shear waves. ( a ) Incident longitudinal 
wave crossing liquid–solid interface. ( b ) Incident longitudinal wave crossing solid–liquid inter-
face. ( c ) Incident shear wave crossing solid–liquid interface       
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 Because only the longitudinal waves propagate in liquid media, the transmission 
coef fi cient becomes

     
l s

ll
s l

cos cos 22

cos

c
T

N c
=

a ar
r a  .  (2.46)   

 For the shear wave (Fig.  2.12c ), the re fl ection coef fi cient for the re fl ected shear 
waves is
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and the re fl ection rate for the re fl ected longitudinal waves caused by the mode trans-
formation is

     ls s

1
sin 4R

N
= − a  .  (2.48)   

 Because the longitudinal wave generated by mode transformation at the solid–liquid 
interface can propagate in the liquid medium, the transmission coef fi cient for the 
longitudinal waves is given as

     
l s

ls
s l

cos cos 22

cos

c
T

N c
=

a ar
r a  .  (2.49)    

    2.6.3   Wave Propagating on Solid Surfaces 

 The UVP measurements utilize ultrasonic beams with a  fi nite width (as described in 
Sect.  2.4 ): when such a beam crosses a liquid–solid interface with an incident angle, 
these will be other modes of the wave that propagate on the solid surface in addition 
to the longitudinal and shear wave modes detailed in the previous section 
(Sect.  2.6.2 ). 

 For longitudinal waves crossing a liquid–solid interface, and if the incident 
angle is close to the critical angle for the longitudinal wave, the mode transforma-
tion may result in a  creeping wave , which propagates on the solid surface 
(Fig.  2.13a ). This wave propagates with the same speed as the longitudinal wave 
and gives rise to continuous mode transformations into shear waves; the wave 
decays relatively quickly.  
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 For larger incident angles, still around the critical angle for shear waves, a   surface 
wave  ( Rayleigh wave ) that is a shear wave propagating on the solid surface is gener-
ated (Fig.  2.13b ). The speed of propagation of this wave is somewhat slower than 
that of the shear wave in a solid medium. For thin solid layers, displacements of 
small elements in the solid medium caused by the surface wave are restricted in the 
direction parallel to the interface; this is a so-called  lamb wave , and all surface 
waves propagating in thin solid layers are classi fi ed as  plate waves . Because plate 
waves do not cause mode transformations at the interfaces with adjacent liquid lay-
ers, this kind of wave can propagate for relatively long distances. Overall, an evalu-
ation of the in fl uence of plate waves is important in the measurement of  fl ows in 
thin-walled pipes, in addition to an understanding of the mode transformations of 
the incident wave.   

    2.7   Ultrasonic Transducers and Ultrasonic Beam 

 The transducer is a key element of the UVP measurements. A transducer emits and 
receives ultrasonic pulse waves ( A-scan ), and the performance of the measurement 
equipment is determined by the transducer that is used. Among several different 
principles of electroacoustic transduction for generating ultrasonic waves as well as 
for detecting echo, the piezoelectric effect is recently the most often used for a vari-
ety of applications of ultrasonic wave such as in  fl aw detection, level metering, and 
general nondestructive testing. The piezoelectric effect arises from energy conver-
sion of electric and mechanical signals and is seen in single crystals of some insula-
tors, such as quartz and lithium sulfate. It is also observed in ceramics that are 
specially prepared to enhance this effect, such as barium titanate and lead zirconate 
titanate. The latter is frequently used and is termed PZT; the composition rate varies. 
These ceramics originally have no piezoelectric characteristics, but the piezoelectric 
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  Fig. 2.13    Acoustic waves propagating on solid surfaces. ( a ) Creeping wave. ( b ) Surface wave 
(Rayleigh wave)        
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characteristics are coated when an appropriate porlarization is applied. A more 
detailed explanation can be found in Blitz and Simpson  [  3  ] . The advantages of using 
the ceramic materials are  fl exibility in shape formation in frequency selection, as 
well as the relatively low acoustic impedance. 

 A common structure of a conventional piezoelectric transducer is designed for 
using a ceramic disc as an oscillator, where the thickness of the disc determines its 
resonance frequency. Piezoelectric composite transducers are a recent development. 
A PZT material, in the shape of a rod or sphere, is embedded in a polymer resin and 
shaped to a required size. Such composite transducers possess higher ef fi ciencies in 
the piezoelectric effect, and the intrinsic acoustic impedance is relatively low. As illus-
trated in Fig.  2.14a , the piezoelectric element is excited by an electric oscillator 
through the electrodes that are provided on the both sides of the element. A mechani-
cal pressure is generated inside the element and the resonant oscillation of the element 
generates and emits the ultrasonic wave to the adjacent medium. Waves are emitted on 
both sides of the element (Fig.  2.14b ). When the wave is not absorbed or attenuated 
on the back side, it is re fl ected at the boundary and propagates back to the other side 
inside the element, which may result in a deterioration of the waveform. In the actual 
transducer, therefore, a damping block is used to absorb the waves on the back.  

 The structure of the transducer is very important because the ultrasonic beam is 
invisible and determination of the beam line has to rely on the outer shape of the 
transducer. The front surface of the transducer should be  fl at, and the beam line 
must be precisely normal to this surface. Otherwise, the line of the measurement 
will not be at the place intended for measurements. It should be noticed that the 
measurement by UVP is a line measurement and that small errors in the beam align-
ment would result in larger errors of the position of the measurement volume at the 
far side from the origin of the beam. 

 Other types of transducer materials are also commonly used. For instance, single 
crystals of lithium niobate are used in high-temperature applications. It must be 
noted, however, that a transducer in the UVP method is used for emitting high-
intensity ultrasonic waves and receiving the very weak echo waves by the same 
transducer, so its conversion ef fi ciency must be high. Usually, the voltage applied to 
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  Fig. 2.14    ( a ) Elements of an ultrasonic transducer manufactured from a piezoceramic compound. 
( b ) Schematic illustration of enlarged view of transducer head indicated by a  circle  in ( a )       
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a transducer is of the order of 100 V and the received echo generates a very low 
piezoelectric voltage of the order of millivolts (mV). For this reason, composite 
transducers are preferably employed, because the conversion ef fi ciency is much 
higher than that of a simple piezoceramic by one or two orders of magnitude.      
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  Abstract   The ultrasonic velocity pro fi ler (UVP) mainly employs the ultrasonic 
Doppler method to obtain a one-dimensional velocity pro fi le. The measurement 
position is a function of time-of- fl ight of the ultrasonic pulses, and the velocity is 
obtained from the Doppler shift frequency. The principle and the method to detect 
the Doppler shift frequency are described in Sect.  3.1 . When we use UVP for mea-
suring velocity pro fi les in real situation, selections of the ultrasonic basic frequency, 
transducer setting, and ultrasonic re fl ectors are important, as shown in Sect.  3.2 . 
Attention to be paid for measuring velocity is described in Sect.  3.3 . Velocity alias-
ing appears if the velocity is over the maximum velocity de fi ned by the Nyquist 
sampling theorem. We have to set a transducer carefully to avoid multiple re fl ections 
from surroundings. Temperature directly affects the measurement accuracy because 
measurement positions and velocities are functions of sound speed, and we also 
have to pay attention to the effects of solid boundary and measurement volume.  
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    3.1   Basics 

 The ultrasonic Doppler method utilizes the Doppler shift frequency of the echo 
caused by re fl ected signals on moving tracer particles to obtain instantaneous veloc-
ity pro fi les in a  fl ow  fi eld. It is dif fi cult to obtain the Doppler shift frequency from a 
re fl ected signal directly because the ultrasonic signal is wide spectrum, and the shift 
frequency is much smaller than the basic frequency. Phase changes of consecutive 
echo signals are calculated to obtain the Doppler shift frequency in real systems 
using quadrature-phase detection. 

    3.1.1   Basic Principle  [  1,   2  ]  

 The velocity pro fi le of the  fl ow  fi eld to be measured is expressed as a data set of 
velocity values at various spatial locations at an instant,  V ( x ,  t ). In the ultrasonic 
Doppler method, this means that velocity as a distribution is obtained as a function 
of time. Figure  3.1  shows a schematic of the principle of the method.  

 A position information is obtained from a time lapse of echo reception after the 
pulse emission,   t  ; this corresponds to a time-of- fl ight of the ultrasonic pulse. Note 
that the path length on which the pulse  fl ies is for both the ongoing and the returning 
path. The echography is used to determine a position  x  using sound speed  c  as

     .
2

c
x = t

   (3.1)   

 A Doppler shift frequency  f  
D
  at the instant gives us velocity information at that 

location as the following relationship:

     
D

0

,
2

cf
V

f
=    (3.2)  

where  f  
0
  is the basic frequency of the ultrasonic. In short, measurement of instanta-

neous velocity distribution is to measure instantaneous frequency as a function of 
time after the pulse emission.  

    3.1.2   Pulse Doppler Principle  [  3  ]  

 The echo signal includes all necessary information about the instantaneous velocity 
distribution. A single shot of the ultrasonic pulse and its echo reception might be 
used. Theoretically, there are various methods to derive instantaneous frequency 
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from the time series of the echo signal. In practice, however, because of various 
limitations by the speed of electronics, algorithms, and others arising from discrete 
characteristics of the digital data, repetition of pulse emission and echo reception is 
used to overcome those dif fi culties. This practice is indeed historical. The method 
had been developed in medical applications several decades ago, when fast elec-
tronics, especially the modern PC, were not available. This consideration is still 
valid even now when very fast electronics is available. 

 The algorithm generally adopted is illustrated in Fig.  3.2 . An ultrasonic pulse is 
emitted. An emitted ultrasonic pulse should have a pulse width longer than a few 
cycles of the basic oscillation. In the  fi gure, the pulse  fl ies from the left. The right 
side is a time trace of the echo signal. The pulse is re fl ected from a re fl ector (seeding 
particle), and the echo is received by the same transducer at a time corresponding to 
a distance between the re fl ector and the transducer. In the following frame of the 
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  Fig. 3.1    Schematic of the measurement principle. ( a ) Measurement system. ( b ) Ultrasonic echo 
signal. ( c ) Measured velocity distribution       
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echo, which is of the following pulse emission, an echo is detected in the same way 
with a very small time shift of the re fl ected echo: this is because a re fl ector is  moving 
and the distance changes during this period between the  fi rst and the second repeti-
tion. At one  fi xed time after the pulse emission, there is a difference in the phase of 
the detected signals. This phase difference is used to detect an instantaneous Doppler 
shift frequency.  

 The phase difference   j   between two successive frames of pulse echo can be 
expressed as follows:

     0 .f t= Δj    (3.3   )   

 Differentiating the above equation with time is

     0

d d( )
.

d d

t
f

t t

Δ=j
   (3.4   )   

 The time difference between two frames  D  t  is determined by the moving distance 
of a re fl ector  z  as

     
2

.
z

t
c

Δ =
   (3.5   )   
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 Differentiating this equation with time gives

     
d( ) 2 d 2

· .
d d

t z V

t c t c

Δ = =
   (3.6   )   

 Substituting this into Eq. ( 3.4 ) and using Eq. ( 3.2 ), we obtain

     
0

D

2d
.

d

Vf
f

t c
= =j

   (3.7   )   

 In a practical algorithm, a number of repetitions of the echo reception are used to 
compute the phase. The procedure is applied to a number of times instant, various 
 D  t , to form an instantaneous velocity pro fi le.  

    3.1.3   Velocity Limitation and Constraint 

 Looking at such a signal analysis at a single spatial position, a pulse repetition fre-
quency  f  

prf 
, corresponds to a sampling frequency. The maximum detectable fre-

quency, namely, maximum velocity  V  
max

 , is limited by the Nyquist sampling theorem, 
which states:

     

prf prf
Dmax max

0

.
2 4

f cf
f V

f
= ⇒ =

   
(3.8)

   

 The maximum depth to be covered is determined by a time for the pulse to travel 
back and forth from a transducer as

     
max

prf

.
2

c
P

f
=

   
(3.9)

   

 A measurement constraint for this method is given from the foregoing two limit-
ing equations as

     

2

max max
0

· .
8

c
V P

f
=

   (3.10)   

 Using a  fi xed basic frequency, the maximum velocity to be detected is deter-
mined by the maximum depth of the ultrasonic beam path. Thus, if the measured 
maximum velocity of the  fl ow is large, a small depth has to be set. For a wide 
area to be covered, only the smaller velocity can be detected. 
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 It should, however, be noted that the velocity over fl ow occurs in the form of 
velocity aliasing (see Sect.  3.3.1 ), which can be compensated, in some cases, by a 
post-processing of the results.  

    3.1.4   Position and Velocity Uncertainty and Resolution 

 In the pulse Doppler method, the echo signal to be analyzed for velocity estimation 
comes from all parts of the transmitted pulse. As this pulse has a  fi nite time width, 
both uncertainties of position and velocity are caused by this pulse width; that is, the 
wider pulse width gives a larger uncertainty of the position determination. This 
consideration gives us an estimate of position resolution Δz (a thickness of the 
measurement volume):

     
0

0

 = =
2 2

l
Δ

N Nc
z

f    
(3.11)

  

where  N  is the number of cycles included in the pulse, and a related time uncertainty 
for a single sampled data and the induced Doppler shift bandwidth are given as

     
z

t
V

ΔΔ =    (3.12)  

     D

1
.

V
f

t z
Δ = =

Δ Δ    (3.13)   

 Spectrum width of the Doppler frequency can be estimated from the Doppler 
equation as

     D 0

2 V
f f

c

ΔΔ =    (3.14)  

which deduces the following restraint on measurement uncertainty:

     
0

0

· .
2 2

V c
z

V f

Δ Δ ≅ =
l

   (3.15)   

 It should be noted that the two  D  f  
D
  in the foregoing equations are not identical; 

therefore, it is not possible to  fi nd equality between the equations. 
 The restraint derived above indicates that the improvement of the velocity uncer-

tainty has to sacri fi ce the position uncertainty vis-à-vis for a  fi xed ultrasonic basic 
frequency.  
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    3.1.5   Detection of Doppler Frequency 

 Signal processing for detection of Doppler frequency is to extract a modulation fre-
quency from the carrier wave, and it is identical to a demodulation of the echo signal. 
The echo signal received by the transducer includes a noise component. Hereby we 
consider only the echo signal from a stationary structure such as a wall or stationary 
free surface of the liquid. The noise level is usually much higher than that of the 
Doppler component, and the signal processing has to be carefully designed. 

 In the demodulation process, a reference signal of the carrier wave (basic fre-
quency) is needed to compare it with the echo signal. There are two ways to estab-
lish this reference signal: coherent demodulation and noncoherent demodulation. In 
coherent demodulation, the transmitted signal is stored locally and used. In the non-
coherent demodulation, a component in the echo signal that has the same frequency 
as the basic frequency is used. Usually the non-Doppler shifted component is much 
stronger because they are re fl ected from a solid surface. By this method, only the 
echo signal provides all the necessary reference of the phase and frequency. As a 
basis for a detection of the Doppler frequency, we describe brie fl y only the coherent 
demodulation. 

 For simplicity of explanation, we omit here a pulse structure in the following 
mathematical formulation. A transmitted waveform is described by

     0( ) cos ,T t t= w    (3.16)  

where   w   
0
  = 2  p f  

0
  is an ultrasonic angular frequency. We also omit the amplitude of 

the transmitted wave and also hereafter an attenuation/absorption effect in the 
medium by its propagation. 

 The received echo signal from the seeding particle can then be expressed as

     S D 0 S 0 D D( ) ( ) ( ) cos( ) cos( ).R t R t R t A t B t t= + = + + + +w j w w j    (3.17)   

 The  fi rst term in the above expression is for a component of the echo re fl ected from 
the stationary target and the second is for a Doppler shifted component.  A  and  B  are 
their amplitude and   j   is their phase relative to the transmitted wave at the time origin. 
Obviously the Doppler shift frequency is given by the Doppler relationship as

     D 0

2
.

v

c
=w w    (3.18)   

 Multiplying the echo signal by the transmitted signal (reference signal) gives the 
following expression for the output signal:

    

= ⋅ = + + + +

= + + + + + + +

0 0 0

0 0

( ) ( ) ( ) [ cos( ) cos( )]cos

[cos ( ) cos ] [cos( ) cos( )]
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j j
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j j

S D D

S D D D D

D t R t T t A t B t t t

A B
t t t t

w w w

w w w w    (3.19)
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 Because the Doppler shift frequency   w   
D
  is usually much smaller than the basic 

frequency   w   
0
 , the carrier component can be easily eliminated using a low pass  fi lter, 

and then the following signal is given:

     m S D D( ) cos cos( ).
2 2

A B
D t t= + +j jw

   (3.20)   

 By detecting the frequency of the signal processed as above by  fi ltering, the 
Doppler frequency can be obtained by various algorithms. It is however to be noted 
that this method cannot give information about the  fl ow direction. Namely, the 
 negative Doppler shift gives the direction of the seeding particle moving away 
from the transducer and the positive toward the transducer. Detection of the sign 
has to be treated separately with another method.  

    3.1.6   Quadrature-Phase Demodulation 

 The technique to demodulate the echo signal with maintaining its directional infor-
mation, namely, the sign of Doppler shift, is typical with the quadrature-phase 
demodulation of the echo signal. This is an alternative coherent demodulation, 
where in-phase and quadrature coherent signals are used as reference. The quadra-
ture signal is that the phase is shifted by   p  /2. 

 The received echo signal is expressed in the following, again by neglecting the 
pulse structure:

     0 S f 0 f f r 0 r r( ) cos( ) cos( ) cos( ),R t A t B t t B t t= + + + + + − +w w w w jwj j    (3.21)  

where the subscripts f and r mean the forward and reverse  fl ow components, 
respectively. 

 The coherent demodulation of this echo signal can be given using the reference 
signal of cos   w   

0
  t :

     S f f f r r r

1
( ) [ cos cos( ) cos( )].

2
I t A B t B t= + + + −j w j w j    (3.22)   

 The same demodulation can be applied using the quadrature signal of the refer-
ence as cos(  w   

0
  t  +  p /2):

     S f f f r r r

1
( ) [ sin sin( ) sin( )].

2
Q t A B t B t= − + + − −j w j w j    (3.23   )   
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 These two signals are  fi ltered to eliminate the phase term to lead to the following 
expressions:

     
f f f r r r

1 1
( ) cos( ) cos( )

2 2
I t B t B t= + + −w j w j

   (3.24  )  

     f f f r r r

1 1
( ) cos sin .

2 2 2 2
Q t B t B t

⎛ ⎞ ⎛ ⎞= − + − + − +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
p pw j w j    (3.25   )   

 These two signals can be considered as real and imaginary parts of a complex 
time domain waveform:

     ( ) ( ) ( )f t I t iQ t= +    (3.26  )  

and the instantaneous frequency of this waveform corresponds to the Doppler 
shift  f  

D
 . 

 The most practical signal processing systems based on this complex Doppler 
signal and various algorithms that have been developed are frequency domain pro-
cessing, time domain processing, and phase domain processing. Each of these algo-
rithms has its own characteristics and is chosen depending on the requirements and 
conditions of the system con fi guration as well as measurement performance. 

 Here, brie fl y, we explain a principle of frequency domain processing. For details 
of the system con fi guration and actual adaptation to the discrete signal processing 
system, the reader might refer to the references. 

 The Fourier transform of the complex Doppler signal  f ( t ) is

     
( ) ( )e

∞ −

−∞
= ∫ i tg f t ww

   (3.27  )  

and the power spectrum is given by

     
*( ) ( ) ( )S g g=w w w    (3.28   )   

 Considering the power spectrum as a probability density function of the signal in 
the frequency domain, the foregoing power spectrum can be normalized as

     

( )
( )

( )d

S
p

S
∞

−∞

=
∫

ww
w w    (3.29   )   
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 Then, the mean frequency of the power spectrum is evaluated using the  foregoing 
probability density function as follows:

     ( )dp
∞

−∞
= ∫w w w w    (3.30   )   

 The power spectrum of the signal after quadrature-phase demodulation might 
have two main components: ultrasonic carrier (  w   

0
 ) and Doppler components (  w   

f
  or 

  w   
r
 ). In our application, it is reasonable to assume that only one component of the 

Doppler components appears in the power spectrum as the measurement volume is 
suf fi ciently small and the velocity distribution therein is smooth and  fl ows in the 
same direction. Thus, the two signals branched after the high pass  fi lter and the low 
pass  fi lter (both have the same edge frequency at the carrier frequency) will repre-
sent the forward  fl ow and reverse  fl ow. The Fourier transform of each signal gives 
the power spectrum, and the mean frequency can be estimated. 

 The other algorithms by the time domain processing and the phase domain pro-
cessing, especially for a discrete data set of the sampled signal, are described by 
Barber et al.  [  4  ] . The autocorrelation algorithm frequently used in the medical  fi eld 
was  fi rst described by Kasai et al.  [  5  ] . Jensen  [  6  ]  summarized the system and the 
algorithms of the Doppler method.   

    3.2   Practice 

 Ultrasonic methods are easier to handle in comparison with laser optical methods. 
However, attention must be paid in practice, especially for quantitative measure-
ment of the  fl ow  fi eld. Practically useful notes are  fi rst given in this section for 
general use of  fl ow  fi eld measurement. In the latter part of the section, the target 
con fi guration is a pipe  fl ow, from which much information could be derived for each 
new measurement con fi guration. 

    3.2.1   What Is Obtained 

 It is worthwhile to be reminded that a velocity value to be obtained by the ultrasonic 
Doppler method is a velocity component that is projected onto the measurement line 
(beam direction) of a randomly oriented true velocity vector, which results from the 
nature of the Doppler effect of wave propagation. Generally, a  fl ow  fi eld is in vector, 
and it can hardly be approximated to be one dimensional except for a simple pipe 
 fl ow or in a very small  fl ow region. This point is important when the true velocity 
vector is to be obtained for  fl ow mapping. Speci fi cally, the velocity distribution to 
be obtained is expressed as  V  

m
 ( x  

m
 ,  t ), where  x  

m
  is a distance from the transducer on 
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the measurement line. The sign of the velocity value is negative when the  fl ow 
motion is away from the transducer and positive toward the transducer. 

 In the wall boundary region, a  fl ow is mostly parallel to the wall. Thus, when the 
transducer is set on the wall, outside or inside, the top surface of the transducer is 
parallel to the wall and the  fl ow in its neighborhood is perpendicular to the measure-
ment line; this leads to dif fi culty in measuring the velocity distribution in the wall 
boundary region.  

    3.2.2   Selection of Basic Frequency 

 The basic frequency of the ultrasound is the most basic parameter. It determines 
system performance and largely affects the success of the measurement. It is then a 
key issue to determine the basic frequency in designing the measurement system as 
well as in experimental con fi guration. 

 A selection of the optimal basic frequency depends on the requirements and 
purposes of the measurement. For physics research experiments, high spatial and 
time resolution would be a key issue and require a smaller wavelength, namely, a 
higher frequency is preferable. However, selection of a high frequency sometimes 
limits the maximum measurable velocity to be too low. For rheological studies, 
many of the  fl uids have a higher attenuation property of the ultrasonic wave and 
only the lower frequency could be used, which may induce a larger measurement 
volume and lead to a lower spatial resolution. There are various points to be consid-
ered, and the following various items should be considered. 

    3.2.2.1   Attenuation of Ultrasonic Beam 

 Generally but roughly speaking, attenuation of an ultrasonic wave is proportional to 
the square of the wave frequency, which has to be considered when the measure-
ment requires a higher basic frequency. Lowering the frequency would ease the 
problem in system con fi gurations. Note that we use an echo signal, which means 
double the length between the transducer and the target must be counted.  

    3.2.2.2   Width of the Pro fi le 

 The largest depth of the pro fi le measurement is determined by the pulse repetition 
frequency,  f  

prf
 ; this is quite often larger than the pro fi le width that is actually required 

for data acquisition. For a large pro fi le width, the distance between two data points 
sometimes becomes so large that the velocity pro fi le to be obtained shows a non-
smooth curve, especially when the  fl ow is turbulent.  
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    3.2.2.3   Maximum Velocity 

 It is obviously to be determined by the maximum velocity of the  fl ow  fi eld. However, 
it is also important to consider an orientation of the measurement line to the true 
velocity vector. The direction of the true velocity vector is usually unknown and has 
to be guessed. The angle between the true vector and the measurement line should 
not be so small because the uncertainty will also be expanded by the smaller angle, 
as the correction factor is 1/cos   q  .  

    3.2.2.4   Measurement Volume 

 This is determined by the pulse width of the emitted ultrasonic pulse. It is usu-
ally four to eight cycles of the basic ultrasonic wave. If it is smaller than four, 
the ultrasonic beam is not as well de fi ned as the pulsed beam. With the larger 
number of cycles, the measurement volume of two adjacent data points overlaps; 
this is dependent on the channel distance; a distance between two measurement 
volumes.  

    3.2.2.5   Time Resolution and Sampling Speed 

 The pulse repetition frequency and the number of repetitions for data collection 
determine the time resolution. For the longer depth measurement, the  f  

prf
  is low 

and the time resolution will be low. Also, if the number of repetitions is large, 
the data collection time becomes large and weakens the time resolution. There 
is a small time lapse between two successive measurements, namely, two sets of 
data collection; this results from the time required for signal processing to com-
pute the velocity values of all data points, which forms a velocity pro fi le. 
Consequently, the sampling speed is usually larger than the time resolution. It 
is also possible to control this time lapse between two successive pro fi le mea-
surement intentionally. This step is performed for a slowly transient motion 
where a long measurement time is required with keeping a relatively high time 
resolution.  

    3.2.2.6   Condition of Re fl ectors 

 As we utilize the echo signal, which is generated by the seeding particle suspended 
in the  fl uid, this is an important issue in practical applications of this method. All the 
design and con fi guration considerations might be completely different if the re fl ector 
exists in itself in the  fl uid or is intentionally added for this method. When the  fl uid 
includes the re fl ector, such as food materials or blood, and if it is not possible or 
allowed to control its concentration or size distribution, system parameters might 
be determined mainly by this factor. In such cases, one has to investigate its 
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 characteristics carefully before determination of the system parameters. When the 
 fl uid is clean and includes few foreign particles, some solid or gas particles have to 
be added intentionally as a re fl ector. This is discussed in a later section in more 
detail. 

 A more speci fi c case of frequency selection is described below by using a pipe 
 fl ow con fi guration (Fig.  3.3 ).  

 A lower basic frequency has to be used to make the larger maximum measurable 
depth and maximum velocity. When the  fl ow is in a single direction, the maximum 
measurable velocity ( V  

max
 ) is limited as shown in Eq. ( 3.8 ). 

 Hence, when the  fl ow can be assumed to be in a forward single direction, the 
measurable  V  

max
  is doubled, as follows:

     max prf 00 2· · / (4· ).V c f f≤ ≤
   (3.31   )   

 As the setup limitations of  f  
prf

  and  f  
0
  are relatively easy in a small-diameter pipe, 

larger values of  f  
prf

  and  f  
0
  would be better, because the transducer is set with an 

appropriate angle to the surface to obtain the velocity pro fi le in a pipe, re fl ecting a 
principle of UVP that it can measure the velocity component normal to the measure-
ment line. It is obviously necessary to take into account that the beam is refracted at 
the wall boundary. As seen in Fig.  3.3 , measurable velocity to the pipe axis direction 
is expressed by  V  

actual_max
 , and the incident angle is expressed by   q  , the detected 

velocity by UVP transducer is  V  
actual_max

  sin   q  , and then the measurable maximum 
velocity,  V  

meas_max
 , is

  Fig. 3.3    Maximum measurable velocity and depth by UVP in pipe       

 



56 H. Murakawa et al. 

     meas _ max prf 0· / (4 sin ).V c f f≤ q
   (3.32   )   

 The relationship of Eq. ( 3.32 ) implies that the larger maximum velocity can be 
obtained by a small incident angle. It is, however, necessary to pay careful attention 
to the error, which is strongly affected by the small incident angle. 

 A measurable maximum depth is also affected by the incident angle. It could be 
easily understood (Fig.  3.3 ) that the required measurable depth is larger than the 
inner diameter of a pipe because of the incident angle. As shown in Fig.  3.3 , the 
required maximum measurable depth with the pipe inner diameter,  D  

in
 , is expressed 

as Eq. ( 3.33 ):

     meas _ max in prf/ cos / (2· ).X D c f= <q
   (3.33   )   

 Setting the transducer to be perpendicular to the pipe surface, the required measur-
able depth is the smallest as  X  

meas_max
  =  D  

in
 , but the measurement is impossible because 

(as easily understood in Fig.  3.3 ) a projected velocity component on the measurement 
line is zero; that is different from laser velocimetry. As shown in Eqs. ( 3.32 ) and 
( 3.33 ), measurable maximum velocity and depth are proportion to and inversely pro-
portional to repeated pulse frequency,  f  

prf
 , and, therefore, the  f  

prf
  has to be set to opti-

mize these conditions given by the measuring arrangement and con fi gurations.   

    3.2.3   Seeding 

 Ultrasonic Doppler velocimetry uses an echo that is back scattered (180°) at all 
positions so that a tracer which re fl ects ultrasound is needed to be mixed into the 
 fl uid. In  fl uid mechanical experiments, solid particles are mixed in with the  fl uid 
and used as tracers. The following notes are useful in selecting the appropriate 
tracer. As to size of the particle, experience suggests that approximately one fourth 
to one half of the wavelength is adequate. If the particle is smaller than this, the 
re fl ection ef fi ciency becomes lower and the energy of echo is too small to maintain 
a high S/N ratio, leading to a detection error. If the particle is larger, the probability 
of multiple re fl ections between particles becomes higher, which would result in a 
distortion of the pro fi le. The density of the particle is also important. A large differ-
ence in densities between  fl uid and particle might lead to an erroneous result because 
the particle does not follow the  fl ow faithfully. Further, the concentration of the 
particles in the  fl uid is important. Roughly speaking, there should be one particle 
per measuring volume, but this also depends on the velocity level of the  fl ow  fi eld 
to be measured. The required quantity of re fl ectors should be expressed not just in 
terms of concentration but as a  fl ux of particles passing through a measurement 
volume. Consequently, when the velocity level is high, a good result can be obtained 
with a lower concentration of particles, whereas for natural convection or  fl ow very 
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near the solid wall, a considerably higher concentration is needed. The quantity of 
the tracer particle should be as low as possible. In such cases, defects may appear in 
each instantaneous pro fi le. It is, however, usable when the objective of the measure-
ment is to obtain time-averaged velocity pro fi les by taking as many pro fi les as 
obtainable and then calculating one cumulative average pro fi le. On the other hand, 
if a transient pro fi le is to be obtained, each pro fi le should have the minimum num-
ber of defects, and therefore a high concentration is needed. 

 A similar problem may be encountered in optical methods such as LDA. One 
might  fi nd good references and practical information from the laser measurement 
technique. 

 Some re fl ector materials are listed in Appendix A.4 for reference purposes.  

    3.2.4   Selection of Incident Angle 

 Selection of incident angle is rather easy when the transducer is immersed in  fl uid, 
where only the longitudinal wave is involved: it is only a matter of orientation angle 
between the beam line and the  fl ow velocity vector. The inclination angle can be 
determined such that the measured component of the velocity vector shall not 
exceed the detectable maximum velocity of the device. 

 In contrast, when the transducer is set outside the wall, for instance, the pipe 
wall, careful consideration must be given to mode change of the wave occurring at 
the boundary between solid and liquid or generation of a Lamb wave depending on 
the wall thickness. 

 The longitudinal wave is emitted from the transducer, and travels through the 
wedge (if used) and the wall to reach the  fl uid. Mode change occurs at each inter-
face (Fig.  3.3 ) from longitudinal wave to shear wave and then again to longitudinal 
wave. For simplicity, we consider a con fi guration of a single plate. A longitudinal 
wave enters the plate, and the longitudinal wave and shear wave exist in the plate 
because the latter is generated at the outer boundary. As the sound speeds for the 
two waves are different, refraction angle is different, and the beam path would also 
be different in the wall (Fig.  3.3 ). This difference makes both transmission charac-
teristics different, such as transmission or re fl ection coef fi cient and refraction angle, 
and  fi nally the incident angles to  fl uid. Thus, measurement error cannot be neglected 
when two kinds of waves (longitudinal and shear) enter the  fl uid to generate echo. 
Such a case is enhanced for the small-diameter pipe with a thick wall giving a larger 
velocity value than a true value. 

 In an ultrasonic inspection application, an interesting solution technique is used 
to avoid such a con fi guration. A wedge made of engineering ceramics or plastic is 
located between the transducer and the metallic wall. Then, total transmission rate 
from the transducer to water strongly depends on the incident angle and also longi-
tudinal and shear wave (Fig.  3.4 )  [  7  ] . The incident angle is a wedge angle of inci-
dence to the metallic pipe surface. Clearly, the incident angle to have a similar order 
of magnitude in transmission rate for longitudinal wave and shear wave is very 
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 different. A longitudinal wave can transmit with a smaller incident angle whereas 
the shear wave has a large transmission rate for a large incident angle. There is a 
clear separation in the incident angles. Then, it is feasible to discriminate the trans-
mitted wave through the metallic wall by choosing the incident angle of the wedge. 
These curves show a slight difference for different temperature because the sound 
speed depends on the temperature.  

 The case 1 angle indicated in the  fi gure corresponds to a critical angle beyond 
which no wave can be transmitted. At case 2, only the shear wave can transmit, and 
in case 4 only the longitudinal wave, and in case 3 both longitudinal and shear 
waves are superimposed.  

    3.2.5   Selection and Attachment of Wedges 

 A wedge is placed between the transducer front surface and the wall to  fi ll the gap 
when the transducer is set inclined to the normal to the wall. This step is sometimes 
very important to guarantee a good reproducibility of the measurement. For instance, 
a de fi nition of the beam angle is critical to a quantitative evaluation of velocity value 
as well as to  fi x a measurement position on the line. As this method is a line mea-
surement, an error of the angle is ampli fi ed at the far location. A small misalignment 
of the beam induces a large mislocation of the measurement point. At the same 
time, a gap is often  fi lled with jelly or some soft material, so-called couplants (see 
Appendix A.3); this induces a mismatching of the acoustic impedance from the 
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transducer surface to the wall, which weakens the signal intensity of impinging and 
returning echo in  fl uid. 

 This problem has been experienced in the development of a  fl ow meter for which 
reproducibility of measurement is highly sensitive as a product. The following 
information might help us to consider the use of wedges. 

 In the clamp-on type of UVP  fl ow meter, accuracy of the incident angle has to be 
kept consistent for a wide range of measurement conditions such as high temperatures 
and thermal cycles. In selecting the wedge material, acrylic and other engineering 
plastics, or carbon-based metallic cases, are tested (Table  3.1 )  [  8  ] . Acrylic is easy to 
work but cannot be used in a high-temperature environment. Engineering plastics are 
available for high-temperature conditions, but machining is slightly less easy, espe-
cially for materials with high temperature capability. Carbon-based materials can be 
used at elevated temperature and have the advantage that the change of sound speed 
with temperature is small. On the other hand, brittleness in machining is a disadvan-
tage; this might be overcome by using a composite material. A metal wedge shows 
good ultrasound propagation but has in general a large acoustic impedance, so that a 
discontinuity at the interface with other materials would generate a strong re fl ection 
of the ultrasonic wave. Especially, a  fi rm contact is not easy between metallic surfaces 
and special care must be taken. For instance, the pipe surface where the wedge is 
placed should be treated to be clean by eliminating surface asperity, and then a cou-
plant is used to remove the air layer or bubbles. Figure  3.5  shows an example of 
application for metal piping using an engineering plastic to measure  fl ow velocity and 
pro fi le by UVP  [  9,   10  ] . The transducer and wedge, in addition to tight contact, need 
to be integrally  fi xed on the curved pipe surface with the clamp-on wedge.    

    3.2.6   Conditioning of Re fl ector 

 Because ultrasonic echo is generated by particles suspended in  fl uid, it is absolutely 
necessary to have particles as a re fl ector in  fl uid in which the velocity pro fi le is to 
be measured. Originally, when the method was invented in medical  applications as 

   Table 3.1    Candidate materials for the wedge  [  8  ]    

 Material 

 Acoustic 
impedance 
(10 6  kg/m 2  s) 

 Sound velocity  Heat distortion 
temperature (°C)  Longitudinal (m/s)  Shear (m/s) 

 Acrylic plastic a   3.27  2,730  1,400  70–90 
 Polyetherimid b   3.11  2,450  1,050  ~150 
 Polystyrene c   2.41  2,330  1,150  70–90 
 Polyimide d   3.47  2,450  1,060  ~360 
 Polyimide e   3.80  2,710  1,390  ~470 

   a PMMA 
  b PEI 
  c PS 
  d PI-1 
  e PI-200 (KGK catalog, Japan)  
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a cardiovascular  fl ow monitoring device, the re fl ector was a red blood corpuscle, 
and there is no possibility of adjusting the condition. However, in our application we 
can adjust the condition of particles, for instance, material (as re fl ection coef fi cient), 
density (to follow  fl ow), size (as re fl ection cross section), concentration (for high 
success rate), etc. Thus, it is called seeding. In general, a particle is selected depend-
ing on the measurement con fi guration as liquids, velocity level, and measurement 
distance. For a small-scale closed con fi guration in the laboratory, a solid particle 
can be used. For a large-scale open con fi guration, an inexpensive powder is selected 
for a one-way use. For these cases, selection is rather easy. 

 In some con fi gurations where the system must be kept clean or no additional 
material is allowed to mix, such as in a food processing plant, a gas bubble is used. 

Transducer

Wedge

Absorber

1

2

  Fig. 3.5    Example of application for metal piping using engineering plastics to measure  fl ow 
velocity and pro fi le by UVP for metal pipe and water       
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The bubble is ideal as a seeding particle because it does not contaminate the  fl uid or 
damage  fl uid properties. The disadvantage is that it is rather large; the density is 
usually much less than that of  fl uid so that it is easily separated, and it is not easy to 
maintain a uniform mixing condition. It is also not possible to control the size of the 
bubbles for our purpose. When the  fl uid is clean and gas bubbles are not held within 
it, it is necessary to inject gas to generate tiny gas bubbles. This dif fi culty was expe-
rienced when the  fl ow meter was developed, and the following information is used 
for designing a gas injection system. 

 In water at room temperature, cavitation bubbles disappear at around 0.3–0.5 MPa, 
and gas injection is used to introduce bubbles into the  fl uid. However a simple gas 
injection from a hole is not suf fi cient because the bubbles coalesce unless  fl ow 
velocity is fast enough to miniaturize the bubbles by shear. A venturi nozzle tube 
was used in an air injection bubble generator (Fig.  3.6 )  [  11  ] . Setting up branch 
pipes from the main pipe, venturi nozzle tubes are installed on the way back through 
the pump. Air is injected from just upstream of the venturi nozzle throat and 

Pressure 
Gage
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VenturiWater

Gas

Gas-Water Mixer

decompression
valve

compressed-
gas cylinder

0~2 Nm3/h

  Fig. 3.6    Bubble injection system to miniaturize gas bubbles in  fl uid through the venturi nozzle 
tube  [  11  ]        
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miniaturized at the expansion nozzle. Miniaturized bubbles are supplied as seeding 
particles. The pump head pressure should be suf fi cient to inject water from the 
branched pipe to the main pipe.  

 Figure  3.7  (top) shows a venturi nozzle used in a bubble generator where water 
 fl ows from left to right. Bubbles are miniaturized  fi ner just downstream of the throat 
of the venturi nozzle. From visualized images, bubble size distribution was obtained 
as shown in the bottom of Fig.  3.7   [  12  ] ; this shows that most of the bubbles are less 
than 0.1 mm in diameter. The  fi ner bubbles are better distributed in uniformity and 
buoyancy has little in fl uence on their motion. It should be noted that with bubble 
generation by gas injection it is hard to adjust the size and concentration of particles 
so that too large a concentration sometimes occurs. If a concentration is too high 
with a bubble size too large, the in fl uence of multiple scattering of the ultrasonic 
pulse will become signi fi cant, which leads to a larger error in velocity value as well 
as deterioration of the velocity pro fi le.  

 The effect of the volumetric  fl ow rate of bubbles gas on measuring  fl ow rates 
was experimentally investigated. Air was injected upstream of the measuring point 
up to ~400 ppm (0.04% as a volumetric fraction) in the CENAM calibration test 
 [  9  ] , in which it was con fi rmed that there was a negligible effect of air injection on 
the  fl ow rates measured by the weighing systems of CENAM, comparing the  fl ow 
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rate measured without air injection with one using air as the primary standard at 
line conditions. It could be said on an empirical basis that UVP measurement would 
be successful for a bubble injecting rate of ~10 ppm (=0.001%) to ~1,000 ppm 
(=0.1%) of volume fraction, but an abrupt worsening is seen beyond this concentra-
tion. It is promising that UVP can successfully measure velocity pro fi les with an 
extremely small amount of miniaturized bubbles.  

    3.2.7   Monitoring Echo 

 Following is the last but important note for successful application of UVP for  fl ow 
 fi eld measurement. 

 Because an ultrasonic wave is itself invisible, it is very important to monitor the 
echo signal on the oscilloscope screen, especially for assuring the measurement 
location of the line where you are measuring in the  fl ow. It should be emphasized 
that the UVP measurement is a line measurement used to obtain information about 
a wide area. Therefore, knowing the measurement location is essential. 

 In a small-scale con fi guration in the laboratory, the ultrasonic pulse can be 
re fl ected by a surrounding structure such as a container wall or top free surface. 
If this re fl ected pulse hits the transducer, it can totally destroy the velocity pro fi le. 
Again it is possible to determine if such a re fl ection affects the measurement by 
monitoring the echo signal. It also helps to arrange a measurement line with 
respect to the annoying structure to avoid such re fl ected pulse dropping on the 
transducer. 

 When one is experienced, it is also possible to know the condition of the re fl ector 
particles, if suf fi cient or too few, by monitoring the echo signal on the screen. As a 
re fl ection from a solid surface is  fi xed at one location and stays at the same position 
after the emitter pulse, you can  fi nd it rather easily. When there is a re fl ection from 
a free surface that is moving, you can also  fi nd it easily, as the re fl ection is very 
strong and stays almost at the same location with a little time  fl uctuation. In con-
trast, a re fl ection from a tracer particle is weak, continuous, and spreads, but it 
changes from frame to frame of repetition because the particles are moving with 
the  fl ow. 

 As such, a monitoring echo on the oscilloscope is important and useful for suc-
cessful measurement of the  fl ow  fi eld by this method.   

    3.3   Attention Required 

 When we use UVP to measure velocity pro fi les in a real situation, there are points 
to which attention must be paid. These points are related to the fundamental prin-
ciple of ultrasonics and the measurement method. Here we describe the velocity and 
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time aliasing, effect of solid boundary, measurement volume, and how to correct the 
measurement position near the wall. 

    3.3.1   Velocity Aliasing 

 Maximum Doppler frequency,  f  
D max

 , is based on the Nyquist sampling theorem, as 
shown in Eq. ( 3.8 ). The maximum velocity,  V  

max
 , can be calculated from the  f  

D max
 . 

The UVP can detect the velocity direction, going away from or approaching the 
sensor. Hence, the velocity range becomes ±  V  

max
 . If a velocity exceeds the  V  

max
 , the 

data are recorded as velocity aliasing at  V  
max

 , which follows the sampling theorem. 
However, the velocity direction changes in the recorded velocity. As a result, nega-
tive velocities are recorded (Fig.  3.8 ). Based on the characteristic, a measured veloc-
ity  V  exceeding  V  

max
  can be converted to  V  + 2 V  

max
  as the correct velocity. Hence, if 

the  fl ow direction can be guaranteed, that is, only positive or negative, the maximum 
velocity range can be expanded to 2 V  

max
  (or −2 V  

max
 ).  

 To avoid velocity aliasing,  V  
max

  must be set larger, which corresponds to increas-
ing the pulse repetition frequency  f  

prf
 , or using a lower basic frequency  f  

0
 , or both. 

Change of a transducer setting angle is also used to avoid the aliasing. When reduc-
ing the setting angle   q  , the projected velocity components decrease. Increasing the 
 f  
prf

  has a limitation because the maximum measurable depth  P  
max

  decreases. 
Therefore, decreasing  f  

0
  or changing the setting angle is commonly chosen. However, 

sensor diameter generally increases with decreasing of the  f  
0
 , which increases the 

measurement volume. Hence, the appropriate ultrasonic basic frequency must be 
chosen depending on the  fl ow condition.  

x

V

Vmax

−Vmax

Aliasing

  Fig. 3.8    Velocity aliasing       
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    3.3.2   Time-Frame Aliasing 

 It was mentioned in Sect.  3.1.3  that increasing  f  
prf

  decreased  P  
max

 . If an ultrasonic 
pulse is re fl ected on particles or a wall existing outside  P  

max
 , the re fl ected signal may 

appear in the next period of the received signals. This phenomena is called as time-
frame aliasing (Fig.  3.9 ). The time-frame aliasing is considerable if the signals 
re fl ected on the surroundings, except the measurement target, are strong. When 
time-frame aliasing occurs, velocity far from the measurement area appears as if the 
velocity is in the measurement area.  

 It is dif fi cult to remove time-frame aliasing from the measured data, and it is 
almost impossible to modify the velocity to be the same as the velocity aliasing. 
Therefore, the time-frame aliasing must be taken care of during the measurement. 
To prevent time-frame aliasing, we recommend that reducing the emission voltage 
and receiving gain to reduce the re fl ection other than the measurement targets, or 
reducing the  f  

prf
  as low as velocity can be measured. Furthermore, it is also effective 

to set the scatterer outside the measurement line to obstruct the re fl ection on the 
other re fl ectors.  

    3.3.3   Temperature 

 One of the important parameters for the measurement is temperature. If temperature 
has a distribution in the  fl ow  fi eld, sound velocity also changes. Measurement posi-
tion and the velocity are calculated from the sound velocity. If the sound velocity 
changes in each position, it directly affects the measurement accuracy. Furthermore, 
the temperature gradient yields a curved measurement line. As incident and re fl ected 
waves go through the same pass, velocity may be calculated regardless of the mea-
surement line. However, the measurement positions are uncertain as the measure-
ment line changes with the temperature. 

 In another practical problem, ef fi ciency of the ultrasonic emission and sensi-
tivity become worthless under high temperature, and detection of the ultrasonic 
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  Fig. 3.9    Time-frame aliasing       
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echo signals is affected. Furthermore, the transducer may break down under 
higher temperature (see Sect.   2.7    ). Therefore, temperature of the setting position 
must be carefully chosen.  

    3.3.4   Solid Boundary 

    3.3.4.1   Effect of Re fl ected Signal on Solid Boundary 

 Re fl ection on a solid boundary may affect the velocity measurement. When an ultra-
sonic transducer is set with an inclined angle to a solid boundary, an interaction 
volume between the incident and re fl ected wave exists near the boundary (Fig.  3.10 ). 
In this volume, a stationary wave caused by interference between the incident and 
re fl ected waves exists, and multiple re fl ections between the solid boundary and 
tracer particles may occur. In these cases, it is dif fi cult to measure the correct veloc-
ity in the volume. If the solid boundary moves, the wall velocity will be obtained 
depending on the incident angle.  

 In these cases, velocity around the solid boundary must be carefully handled 
because an uncertain velocity pro fi le easily appears. The volume depends on the 
beam diameter and the number of cycles. With decreasing the diameter and the 
cycles, the volume decreases. In general, the effect can be negligible if the measure-
ment position is far from several times of the spatial resolutions along the measure-
ment line from the solid boundary. If acoustic impedance of the solid boundary 
material is close to that of the  fl uid, for example, acrylic and water, ultrasonic trans-
mission occurs in addition to the re fl ection. In the case, transmitted wave may re fl ect 
on the other side of the wall or other surroundings, and it may affect measurement 
accuracy. To reduce the effects, setting a scatterer and an ultrasonic absorber, for 

Solid boundary

Incident wave Reflected wave  Fig. 3.10    Interference volume 
between incident and re fl ected 
waves near a solid boundary       
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example, a sponge with water in the case of water and acrylic, on the outer surface 
of the solid boundary is useful.  

    3.3.4.2   Correction of Measurement Position Near Wall 

 In the test section, for a region close to the wall surface, some parts of the ultrasonic 
measurement volume are located within the wall. This overlapped volume increases 
with the ultrasonic beam diameter ( D  

US
 ). When the ultrasonic measurement tech-

nique is applied to a narrow channel, the overlapped volume cannot be ignored. 
Aritomi et al.  [  13  ]  reported a correction method for the measurement volume near 
the wall. 

 The ultrasonic beam path near the wall is illustrated in Fig.  3.11 . If the ultrasonic 
beam does not overlap with the solid wall, the cross section of the beam is circular. 
Q represents the center of the gravity of the area. In a region near the wall, the cross 
section of the ultrasonic beam is selected as shown in as A–A ¢ . Therefore, the center 
of gravity changes from Q to Q’. The distance between Q and Q ¢  causes an error in 
the data depending on the region of the measurement. Cross-sectional areas of  S  and 
 S  

R
  can be calculated from the following equations  [  14  ] : 

     
2 2 2

R L ( sin cos ),S S S r r r= + = − −p b b b    (3.34  )  

     
2 2

R sin cos= −S r rg g g ,   (3.35  )  

     R L.S S=    (3.36   )   

 According to the foregoing equations, the values of   b   and   g   are calculated at each 
measuring position, and the correction of the position is determined.   
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Wall
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:Overlapped area with the wall

A

Ultrasonic beam

θ
β

γ

DUS

Measurement
volume

  Fig. 3.11    Correction of the measuring position near the channel wall       
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    3.3.5   Measurement Volume 

 The UVP requires a relatively large measurement volume compared to laser 
Doppler anemometry (LDA). The measurement volume has a disk shape deter-
mined by the  D  

US
  and the channel width, which is determined by number of the 

wave cycles of the ultrasonic pulse and wavelength. The  D  
US

  is decided by the 
ultrasonic pressure  fi eld, which is affected by the effective diameter of the piezo-
electric element and the basic frequency. Therefore, it is sometimes dif fi cult to 
reduce the  D  

US
  depending on the measurement  fl ow  fi elds. Kikura et al.  [  15  ]  inves-

tigated the effect of the measurement volume on velocity data. They compared the 
experimental data with the direct numerical simulation (DNS) results in mean 
velocity, variance, and Reynolds stress, and showed that the effect of measurement 
volume appeared in the buffer region and viscous sublayer. Therefore, measure-
ment accuracy near the wall must consider the solid boundary effects mentioned in 
Sect.  3.3.4 .       
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  Abstract   On the basic of the ultrasonic principle made clear in Chaps.   1    –  3    ,  fl ow 
velocity pro fi ling can be realized if the Doppler method is applicable to the  fl ow 
system. There are standard velocity  fi elds, which are the most appropriate systems 
for examining the performance of ultrasonic velocity pro fi ling (UVP) and training 
users in making UVP measurements. The standard velocity  fi elds have a one-
dimensional one-component velocity distribution, irrespective of whether they are 
steady or unsteady, such as in the case of  fl ow in a rotating circular cylinder and 
laminar  fl ow in a pipe. Measuring  fl ow in such systems helps clarify the functions 
of UVP subject to diverse practical problems. Once velocity information is acquired, 
it is suitably adjusted in post-processing. Post-processing has two purposes: one is 
to improve the data quality in response to the inclusion of noise in velocity data, and 
the other is to derive statistical and other quantities.  
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    4.1   Standard Velocity Field and System Performance  [  1  ]  

 As with other measurement techniques using tracer particles, such as laser Doppler 
velocimetry (LDV) and particle imaging velocimetry (PIV), selection of the size 
and concentration of particles sometimes induces a lack of data that causes large 
deviations in statistical values in UVP measurement. Here a  fl ow in a rotating cyl-
inder is introduced as a stable, standard  fl ow  fi eld for evaluation of accuracy and for 
demonstration. Then, the characteristics of UVP on the data obtained in this system 
are explained, and how to evaluate the accuracy and precision of the obtained data 
is discussed. Finally, an example of insuf fi cient seeding conditions that induce lack 
of data is given. 

    4.1.1   Rotating Cylinder 

 We consider a  fl ow in a rotating cylinder as shown in Fig.  4.1 . When a rotation of 
the cylinder with angular velocity of   w   is applied in the stationary state, angular 
momentum is gradually transferred from the cylinder wall to the cylinder center by 
the viscous diffusion. This process is called spin-up  [  2,   3  ] . Here we assume that the 
 fl ow is axisymmetric and no radial and axial  fl ow components exist as an ideal con-
dition. After the momentum transfer reaches the center of the cylinder within a 
period of time, the  fl ow takes stationary rigid body rotation that has a constant 
velocity of the rotation at each radial position. We measure a velocity pro fi le of the 
 fl ow in this condition along a line parallel to the centerline of the cylinder with  D  y  
displacement from the centerline. Here the azimuthal velocity at a radial position  r  
takes  u  

  q  
  =  r w  . The velocity component in the  x  direction, which is the measurement 

xux r
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Δy

x
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D
c

uq

  Fig. 4.1    Schematic diagram of 
measurement system and 
velocity pro fi le of rotating  fl ow 
in a cylinder          

 



734 Measurement of Fluid Flow

line direction of UVP at the point, becomes  u  
 x 
  =  u  

  q  
  sin  q  . Because the radial position 

along the measurement line ( x  direction) is  r  =  D  y /sin  q  , the velocity component 
becomes  u  

 x 
 ( x ) =   w   D  y  in the  x  direction. The spatiotemporal velocity  fi eld  u  

 x 
 ( x ,  t ) 

obtained by UVP in the spin-up process represents that the momentum is gradually 
transferred inside the cylinder, and  fi nally the  fl ow reaches rigid body rotation, that 
is,  u  

 x 
 ( x ,  t ) = const. The time variation of the velocity pro fi le can be derived from the 

Navier–Stokes equation with the assumption of  fl ow axisymmetry. In the actual 
measurement, however, Görtler vortices  [  4  ]  and meridional circulation exist because 
of centrifugal force  [  2,   3  ] , and thus the  fl ow does not agree with the theoretical solu-
tion of the ideal situation.  

 Figure  4.2  shows a schema of the experimental setup for measurements of rotat-
ing  fl ow. The diameter of the cylinder, thickness of the cylinder wall, and the height 
of the cylinder are 150, 2.5, and 50 mm, respectively. Nylon powder 50  m m in mean 
diameter and 1.06 in speci fi c weight is used as tracer particles. The cylinder is  fi xed 
at the center of a rectangular vessel 700 mm on the side, and thus  fi lling water inside 
the vessel allows transmission of ultrasonic waves from outside of the cylinder to 
the rotating  fl uid without contact of an ultrasonic transducer at the side wall of the 
cylinder. A small plate of ultrasonic absorber (see    Appendix A.5) is set at the side 
wall of the vessel and reduces in fl uence of multiple re fl ections of ultrasonic waves; 
23 wt % glycerol solution is used for density matching with the tracer particles. 
Speed of sound estimated from the time-of- fl ight technique is  c  = 1,601 m/s. We 
emit four cycles of ultrasonic waves with 4 MHz frequency from a transducer 5 mm 
in effective diameter.   

    4.1.2   Example of Measured Data 

 Here we introduce an example of the measurement. The  fl uid in the cylinder reaches 
rigid body rotation with   w   = 4.20 rad/s in angular velocity. The ultrasonic transducer 
is located parallel to the horizontal center line of the cylinder with  D  y  = 20 mm in 
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Motor

50
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unit is mm

Water

Glycerol solution

  Fig. 4.2    Schema of 
experimental setup for rotating 
 fl ow measurement       
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displacement from the line. Figure  4.3  shows the measurement result; the pro fi le 
represents averaged velocity of 512 instantaneous pro fi les. The solid line in the 
 fi gure is a theoretical value obtained from  u  

 x 
 ( x ) =   w    D  y , and broken lines indicating 

the width of the cylinder are calculated from the diameter of the cylinder and  D  y . As 
shown, the obtained pro fi le agrees with the theoretically estimated velocity in a 
large area. Near the walls, however, the velocity is measured as a smaller value than 
the theoretical value because of the multiple re fl ection of ultrasonic waves in the 
wall. As mentioned in Sect.   2.4    , divergence of the ultrasonic wave enlarges the 
measurement volume. The enlargement increases measurement uncertainties when 
a large velocity gradient exists in a direction perpendicular to the measurement line. 
Larger velocities near the wall ( x  = ~150 mm) may be caused by the enlargement, 
that is, the velocity component in the measurement line of the cylinder rotation is 
detected.  

 Figure  4.4  shows a spatiotemporal velocity  fi eld representing the spin-up pro-
cess. Experimental conditions are 1,000 cSt silicone oil as the test  fl uid, 2 MHz as 
the basic frequency of the ultrasonic wave,  D  y  = 13.5 mm, and   w   = 12.57 rad/s. Here 
the speed of sound in the oil is 1,000 m/s. In the  fi gure the azimuthal velocity com-
ponent  u  

  q  
 ( r ,  t ) is derived from  u  

 x 
 ( x ,  t ) with assumption of axisymmetry.   

    4.1.3   Pro fi le Reproduction (Moment) 

 UVP provides instantaneous  velocity pro fi les ; thus, we have to evaluate not only the 
value of the velocity, but also the shape of the pro fi le. Reproducibility of the value 
and shape is affected by the characteristics of the ultrasonic waves and the test  fl uid. 
For instance, the measurement volume is not constant on the measurement line 
because of divergence of the ultrasonic beam (cf. Sect.   2.4.3    ). The velocity mea-
sured by UVP is given as a spatial average of velocities in the measurement volume, 
and thus the value depends on the size of measurement volume. A large in fl uence of 
the measurement volume on the velocity may induce deformation of the velocity 
pro fi le. Also, nonuniformity on the distribution of tracer particles may cause the 
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  Fig. 4.3    Mean velocity of  fl ow in a rotating cylinder       

 

http://dx.doi.org/10.1007/978-4-431-54026-7_2#Sec9
http://dx.doi.org/10.1007/978-4-431-54026-7_2#Sec12


754 Measurement of Fluid Flow

deformation of the pro fi le. Here we evaluate the reproducibility of velocity pro fi le 
on measurement of  fl ow in a rotating cylinder. 

 The theoretically estimated velocity pro fi le in a normal form is given as

     
1 1

( ) 1 ,
2 2

0 otherwise.

v x x= − ≤ ≤

=

   (4.1   )   

 High-order moments of the pro fi le

     ( )dn
nM x v x x

∞

−∞
= ∫    (4.2  )  

give us quantitative evaluation of the reproducibility of the shape. Speci fi cations of 
the moments are summarized in Table  4.1 . For example, the third-order moment 
(skewness) indicates the symmetry of the pro fi le, and the fourth-order moment (kur-
tosis) indicates  fl atness of the pro fi le. These moments can be also used for evalua-
tion of probability density functions of velocity (cf. Sect.  4.2.7 ).   
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    4.1.4   Accuracy and Precision 

  Accuracy  and  precision  exist as indications of measurement errors. Here we 
explain their meaning using measurement results of  fl ow in the rotating cylinder. 
The  fl ow in a rigid body rotation should be stationary, and thus the point-wise 
velocity should have constant value in the time series. Nevertheless, the time 
series have a distribution around a mean value because of insuf fi ciency of tracer 
particles or other reasons. The width of the distribution represents the measure-
ment accuracy, and distance from the correct value to the mean value represents 
the measurement precision. Namely, a narrower distribution and a small distance 
indicate high accuracy and high precision, respectively. In this sense, there exist 
measurements with high accuracy and low precision. 

 Figure  4.5  shows velocity  fl uctuation obtained at a point on the measurement line 
for  fl ows with rigid body rotation. The theoretically estimated correct value is 
 u  

 x 
 ( x ) =   w   D  y  = 129.57 mm/s. On the other hand, the mean value of the time series of 

measured velocity is  u  
 x 

 — = 129.49 mm/s. In counting the accuracy on the off-axis 
value  D  y , precision of the measurement is high enough. On the other hand, the accu-
racy can be evaluated by standard deviation of the distribution of velocity. The devi-
ation is   s   = 9.52 mm/s and is 7% of the mean value. In the case of lack of data 
because of insuf fi cient tracer particles, erroneous data would have extremely smaller 
values than the mean value. Such erroneous data can be eliminated by setting a 
threshold, e.g.,  u  

 x 
 — 

  
    − 3  s  .   

   Table 4.1    Example of high-order moments for evaluation of pro fi le shape   

 Order  Moment: theoretical  Evaluation factor for the shape 
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0
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3
 /( M  

0
   s   3 )  0  Symmetry 

 4   M  
4
    V /80  Kurtosis   K  =  M  
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  Fig. 4.5    Velocity  fl uctuation at a point on the measurement line for a  fl ow with rigid body 
rotation       

 



774 Measurement of Fluid Flow

    4.1.5   Success Rate 

 In velocity pro fi le measurement by UVP, the shape of measurement volume resem-
bles a disk, which are discretely arranged in a  fl ow (Fig.  4.6 ). The volume is deter-
mined by a pulse length (wavelength of ultrasonic wave, cycles in a pulse) and an 
effective diameter of ultrasonic burst. Theoretically, if one or more re fl ection parti-
cle exists in the volume during the measurement, UVP can measure velocity at the 
volume. Assuming that one particle is in the measurement volume  V  

m
 , concentration 

of particles in liquid   g   
p
  becomes 

     

3

2

2
,

3
p

p
m

V d

V WD
γ =�

   (4.3  )  

where  V  
p
  is a volume of the particle,  V  

p
  =   p d  3 /6, and  d ,  D ,  W  are particle diameter, an 

effective diameter of ultrasonic burst emitted from an ultrasonic transducer, and 
width of the measurement volume, respectively. In the actual measurement system, 
  g   

p
  is very small, approximately 0.001%; this corresponds to 10 mg particles for 

1 l water if the particle has the same density as water. When  fl uid velocity is suf fi ciently 
high, the required concentration of particles approaches this value. If  fl ow is slower, 
however, the required concentration strongly depends on velocity; namely, a 
suf fi cient amount of particle  fl ux moving through the measurement volume is 
required. Particle  fl ux,  f  

p
 , which is the number of particles passing through the mea-

surement volume per unit time, is given as

     
2 / ,

4p p pf D U V= p g    (4.4  )  

where  U  is velocity of  fl uid  fl ow. The measurement requires that the particle  fl ux  f  
p
  

in a measurement time  D  t  is larger than

     p 1.f tΔ ≥    (4.5  )  
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  Fig. 4.6    Schematic diagram of measurement volume in UVP       
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and then

     

3

p 2

2
const.

3

d
U

D t
γ ≥ =

Δ    (4.6   )   

 As expressed in this inequality, velocity can be measured by UVP when   g   
p
  U  is 

larger than a constant value, which depends on measuring volume, particle size, and 
measuring time interval. We investigate a necessary and suf fi cient value of   g   

p
  U  by 

estimating error of measurement at several conditions of  U  and   g   
p
  on measurement 

of  fl ows in a rotating cylinder. Measurement conditions required for calculation of 
the particle concentration are speci fi ed in Table  4.2 .  

 Figure  4.7a  shows an instantaneous velocity pro fi le measured in a high particle 
concentration (  g   

p
  = 0.02%). Deviation of the pro fi le is small, and measured velocity 

is nearly constant inside the cylinder, as predicted by the theory. In comparison with 
this, the pro fi le measured in insuf fi cient particle concentration (Fig.  4.7b ) has a 
large deviation. Error caused by insuf fi cient particles is de fi ned as follows. UVP 
repeats emission and reception of ultrasound several times to take an instantaneous 
velocity pro fi le (repetition number is 32 in this measurement). Insuf fi cient particles 
cause error of the measured value, and the error appears in the pro fi le as deviation. 
Furthermore, if there is no particle in the measurement volume during measure-
ment, measured velocity becomes zero. In this estimation, velocity, which is smaller 
than ten times velocity resolution of the measurement, is attributed as an error 
caused by insuf fi ciency of particles. The number of spatial sampling points for the 
estimation is 20 in the range of  x  = 40–70 mm, by taking into account both  divergence 
of ultrasonic beam with respect to distance from the ultrasonic transducer and devi-
ation near the lateral wall. The number of pro fi les is 512, so that a total sampling 
number is about 10,000.  

 The error is estimated for many cases of   g   
p
  = 0.002–0.05% and   w   = 1.0–

7.2 rad/s. Figure  4.8  shows the result of the estimation of the error rate. The hori-
zontal axis and the vertical axis in the  fi gure represent particle  fl ux through the 
measurement volume   g   

p
  U  

m
  and error rate, respectively, where  U  

m
  is temporal and 

spatial average of measured velocity,  u  
 x 
 .   g   

p
  can be converted into averaged num-

ber of particles in the measurement volume  n  
p
 , shown with   g   

p
  in the legend, and 

then   g   
p
  U  

m
  can be also converted into particle number  fl ux,  n  

p
  U  

m
 . There is a fairly 

large deviation in the results independent of the amount of   g   
p
 . It may be caused 

   Table 4.2    Measurement conditions   

 Symbol  Unit  Value 

 Speed of sound in 23 wt % glycerol solution   c   m/s  1,601 
 Ultrasonic waves 
 Frequency   f   MHz  4 
 Cycles   N   4 
 Effective diameter   D   mm  5 
 Width of measurement volume   W   mm  0.801 
 Diameter of tracer particles   d    m m  50 
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  Fig. 4.7    Instant velocity pro fi les of a  fl ow in a rotating cylinder measured by UVP. ( a ) A case of 
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by inhomogeneous seeding; thus, such effects often appear when seeding is poor, 
as in these measurements. However, the results have a similar trend, that is, the 
error rate decreases monotonically with respect to   g   

p
  U  

m
 . The slope of the  fi tted 

line on the log–log plot is −1.1, and then measurement error decreases roughly 
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inversely  proportional to   g   
p
  U  

m
 . The necessary seeding concentration can be 

determined from this relationship. For instance, to keep a measurement deviation 
below 0.1%,   g   

p
  U  

m
  must be set larger than 1 mm/s. In another expression, particle 

number  fl ux must be set at more than 1,700 mm/s. This result is obtained for 
 fl ows in a rotating cylinder and thus is not applicable directly to all other mea-
surement systems; that is, the index −1.1 may change in other measurement sys-
tems. Furthermore, even in cases of suf fi cient particle  fl ux, the quality of results 
is not always ensured. For instance, if the velocity component across the mea-
surement line is dominant, UVP cannot detect a ultrasonic echo from the same 
particle. Then, aliasing occurs and thus the measurement error increases.    

    4.2   Post-processing 

 This section explains several post-processing methods for velocity pro fi le data 
obtained by UVP. There are two objectives of post-processing: one is the correction of 
measurement data, and the other is data analysis to estimate quantities such as statis-
tics. The former relates to the measurement principle of UVP; and the latter includes 
analyses of the one-dimensional one-component velocity data recorded by UVP. 

    4.2.1   Correction of Angle 

 UVP measures the  fl ow velocity component in the direction of the measurement 
line as previously mentioned. The relationship is illustrated in Fig.  4.9 .  

 In both of Fig.  4.9a  and  4.9b ,  u  is the  fl ow velocity vector and  u  is the velocity 
component  measured by UVP. The  broken line  is the measurement line of UVP, and 
 n  is a unit vector indicating the direction of the measurement line. Here only the 

  Fig. 4.9    Relationship between  fl ow velocity vector and velocity measured by UVP. ( a ) Large 
angle. ( b ) Small angle       
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effective center line of the ultrasonic beam is considered, ignoring the in fl uence of 
the beam width (see Sect.   2.4    ). The mathematical relationship among  u ,  n , and  u  is

     
( , ) ( , )· ,= = + +x x y y z zu s t s t u n u n u nu n

   (4.7  )  

where  s  and  t  are the spatial coordinates along the measurement line and time, 
respectively. The relationship simply shows that the velocity component  u  is given 
by the dot product of the  fl ow velocity vector,  u  = ( u  

 x 
 ,  u  

 y 
 ,  u  

 z 
 ), and the unit vector, 

 n  = ( n  
 x 
 ,  n  

 y 
 ,  n  

 z 
 ). 

 One-dimensional  fl ow, such as laminar pipe  fl ow, has a constant angle   q  , in both 
time and space, regardless of the spatial coordinate on the measurement line. In 
such a case, the unit vector  n  is constant, and applying  u  = ( u  

 x 
 ,  u  

 y 
 ,  u  

 z 
 ) = ( u  

 x 
 , 0, 0) for 

Eq. ( 4.7 ) gives

     
( , )

( , ) ( , )· sin ( , ) ,
sin

= = = → =x x x x

u s t
u s t s t u n u u s tu n q

q    (4.8  )  

where  u  
 x 
  is the velocity component in the mainstream direction. When the angle 

  q   is given, the velocity pro fi le of the mainstream component  u  
 x 
 ( s ,  t ) is obtained 

from the measured velocity pro fi le,  u ( s ,  t ). For turbulent  fl ow, however, instanta-
neous velocity vectors deviate in orientation, and Eq. ( 4.8 ) does not give the 
mainstream component immediately. When the time-averaged velocity vector 
 fi eld has only a single component, the time-averaged mainstream velocity pro fi le 
is estimated by taking the time average of Eq. ( 4.8 ) in the measurement time 
duration,  T , as

     0 0

( ) 1 1
( ) , ( ) ( , )d , ( ) ( , )d .

sin
= = =∫ ∫

T T

x x x

u s
u s u s u s t t u s u s t t

T Tq    (4.9   )   

 Although the time-averaged  fl ow  fi eld is one dimensional, we need to pay atten-
tion to error ampli fi cation when the angle   q   is set small. Setting the angle   q   small 
allows the measurement to consider high-speed  fl ow in the mainstream direction, 
but a very small setting error in the angle  D   q   ampli fi es the velocity measurement 
error, which is deduced with Eq. ( 4.8 ):

     2

1 cos
d d .

sin sin sin
= → = −x x

u
u du u u

q q
q q q    (4.10   )   

 The relative error of the mainstream velocity is given as

     2

1 cos
.

sin sin tan

Δ Δ ΔΔ = Δ − Δ → = −x
x

x

u u
u u u

u u

q qq
q q q    (4.11   )   

 Added to the  fi rst term,  D  u / u , the uncertainty in the angle setting of the measure-
ment line, which appears as the second term with  D   q  , affects the  fi nal result.  

http://dx.doi.org/10.1007/978-4-431-54026-7_2#Sec9
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    4.2.2   Method of Averaging 

 UVP can measure the velocity pro fi le in space–time dimensions, and a variety of 
de fi nitions for averaging the velocity are applied:

     
1

Time average ( ) ( , )d ,
t T

t
U s u s t t

T

+
= ∫    (4.12  )  

     
1

Space average ( ) ( , )d ,
y L

y
U t u s t s

L

+
= ∫    (4.13  )  

     
1

Space-time average ( , )d d ,
t T y L

t y
U u s t s t

LT

+ +
= ∫ ∫    (4.14  )  

where  T  and  L  are the time-averaging period and space-averaging width, respec-
tively. In pipe  fl ow or any  fl ow within a closed boundary, the cross-sectional average 
velocity is de fi ned as follows:

   Cross-sectional average:• 

     
( , )

( ) , ( , )d d ,
sinzA A

Q u s t
U t Q v s t A A

A
= = =∫ ∫ q    (4.15  )  

where  v  
z
  is the velocity component normal to the cross section,  A . 

 Setting the measurement line that crosses the central axis of a circular pipe, 
the cross-sectional average velocity, which is proportional to the volume  fl ow 
rate in the pipe  [  5  ] , is obtained.  
  Cross-sectional average velocity in a circular pipe:• 

     
0 0

2 2

( , ) 2 d 2 ( , ) d
( ) .

sin

R R

zv r t r r u r t r r
U t

R R
= =
∫ ∫p

p q    (4.16   )   

 The foregoing de fi nitions of averaging are based on the premise that all the 
velocity data are correctly recorded by UVP. In practice, spots and bands of near-
zero velocity are sometimes included in UVP data for various reasons detailed in 
Sect.   3.3    . For such quality of data, statistics that exclude near-zero data are often 
used, exempli fi ed as follows:  
  Time average excluding near-zero velocity:• 

     
min

min

( , )· ( , )d
( ) , ,

(

1 for

0 for, )d

u s t s t t
U s

s t t

u u

u u

⎧
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∫
∫

f
f

f    (4.17  )  

where   f   is a binary function in the space–time two dimensions, taking a value of 
1 for signi fi cant measured velocity and 0 for near-zero velocity less than  u  

min
 . 

http://dx.doi.org/10.1007/978-4-431-54026-7_3#Sec22
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An adequate threshold velocity,  u  
min

 , needs to be given by the user considering 
the velocity resolution,  D  u , of the UVP measurement to be its lowest value.     

    4.2.3   Computation of Vector 

 From the one-dimensional one-component velocity distribution measured by UVP, 
the multi-component or multidimensional  fl ow  fi eld can be estimated when the 
measurement setup is extended. There are two kinds of extensions: one is to provide 
multiple measurement lines so that a velocity vector is obtained at their crossing 
point, and the other is to couple the data with additional restriction equations that we 
know the target  fl ow  fi eld satis fi es. 

    4.2.3.1   Velocity Vector Measurement Using Two Measurement Lines 

 Figure  4.10  shows three combinations of two measurement lines used to obtain a 
velocity vector.  u  

1
  and  u  

2
  are velocity components that are measured directly by an 

individual UVP. The practical measurement setup for such a system can be referred 
to in the chapters of applications (Sects.   6.3     and   7.4    ). Case (a) in the  fi gure has the 
following relationships for the  fl ow velocity vector  u  = ( u ,  v ) at the crossing point. 

     1 1·
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(4.19   )

   

 Therefore, the velocity vector is given by

     
2 1

1

( cos
 

) / sin⎛ ⎞
=⎜ ⎟

−
⎝

⎛ ⎞
= ⎜ ⎟⎠ ⎝ ⎠v u

u u u
u

a a
   (4.20   )   

 This formula indicates that the smaller the angle of the second measurement line 
  a   is set, the faster the measurable  fl ow velocity  u  can be covered. 

 Case (b) in Fig.  4.10  is a symmetric arrangement of two measurement lines 
 [  6,   7  ] . The relationships between the  fl ow velocity vector  u  and the two velocity 
components along the measurement lines are described by

     1 1

sin
· · sin cos ,

cos

⎛ ⎞ ⎛ ⎞
= = = +⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠

u
u u v

v
u n

a
a a

a    (4.21  )  
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     2 2
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 Therefore, the velocity vector is obtained as

     
1 2
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    4.2.3.2   Velocity Vector Measurement Using Three Measurement Lines 

 Figure  4.11  shows a typical example of three measurement lines used to obtain all 
three velocity components. The example case is that the azimuthal angular interval 
is 120°, the inclination angle to the  z -axis is set by   a  , and the projection of the  fi rst 
measurement line coincides with the  x -axis. The relationship between the velocity 
vector at the triple-crossing point and its components projected into the measure-
ment lines is described as 
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   (4.24   )   

 Therefore, the velocity vector  u  is obtained as

     

1 2 3

2 3
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   (4.25    )    

  Fig. 4.10    Stereoscopic arrangement of measurement lines for vector computation       
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    4.2.3.3   Velocity Vector Field Monitoring by Arrayed Measurement Lines 

 The velocity vector  fi eld can be measured when a number of ultrasonic measurement 
lines are arranged within the target domain. Figure  4.12  illustrates two arrangements 
of the measurement lines. Case (a) shows the generation of square-arranged crossing 
points by arraying multiple parallel measurement lines in two orthogonal directions. 
When the array has an interval angle of 60°, triangular distribution of the crossing 
points is generated to observe the  fl ow  fi eld. Case (b) shows the generation of the 
crossing-point distribution concentrated in the central region by arraying the mea-
surement lines in the angular direction. This array is suitable for monitoring the 
internal  fl ow of a circular domain  [  6,   8  ] . In contrast with inward inspection, a wide 

  Fig. 4.11    Three-component measurement of velocity vector using three lines       

  Fig. 4.12    Vector  fi eld measurement using grid-arranged measurement lines       
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 fl ow  fi eld can be monitored when the ultrasound measurement lines are set outward. 
Outward inspection realizes monitoring of environmental  fl ow and large-scale  fl ow.   

    4.2.3.4   Velocity Vector Measurement for Axisymmetric Flow 

 When the target  fl ow  fi eld is axisymmetric, a two-dimensional  fl ow  fi eld can be 
reconstructed from only the data for a single measurement line. This is an example 
of the introduction of a physical restriction equation(s) to the vector information 
analysis. The concept is applied in a similar way when the initial condition, bound-
ary condition, or  fl ow mode is given  a priori . 

 Figure  4.13  shows examples of visualization for an axisymmetric  fl ow  fi eld using 
a single measurement line. The measurement line is set to avoid penetration of the 
axis. The  fl ow velocity components are now described by  u  

  q  
  in the angular direction 

and  u  
 r 
  in the radial direction. As shown in case (a) in the  fi gure, when the  fl ow has 

no radial advection, the velocity projection on the measurement lines is given by 
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q
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where the projection velocities  u  
1
  and  u  

2
  are those deeper and shallower than the 

central axis, respectively,   a   is the angle of the point along the measurement line, and 
sin   a   is given by the distance from the axis,  r , and the coordinate,  x . Equation ( 4.26 ) 
tells us that the same velocity pro fi le is obtained from both regions because of 
symmetry:
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  Fig. 4.13    Vector pro fi ling of axisymmetric  fl ow using a single measurement line       

 



874 Measurement of Fluid Flow

 Rewriting the velocity components in Cartesian coordinates,  u  and  v , in  x  and  y  
directions, the velocity vector is
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−⎛ ⎞ ⎛ ⎞⎛ ⎞
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 Next, case (b) for radial  fl ow in Fig.  4.13  is explained. When the radial  fl ow veloc-
ity component is  u  

r
 , the projection velocity components into the two regions are
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 The equation shows that  u  
1
  and  u  

2
  have different values. Solving the equation  [  9  ] , 

the azimuthal and radial velocity components are given by
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 Rewriting the velocity components in Cartesian coordinates, the reconstruction 
of the axisymmetric  fl ow accompanying radial convection is completed as
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    4.2.3.5   Use of Frozen Hypothesis 

 Let us consider the  fl ow  fi eld for which the spatial structure is kept stable. In such a 
situation, the velocity vector  fi eld can be assumed frozen and to move without 
changing form. The concept is referred to as the  frozen hypothesis  and allows tem-
poral information to be converted to spatial information. Here an example of such a 
measurement is given. 

 Figure  4.14a  shows the setup of UVP along three different lines for the measurement 
of a single vortex ring that passes the crossing point. Transducer A measures the trans-
lational velocity of the vortex ring that is emitted from the top nozzle, transducer B 
measures the velocity  fl uctuation during the passage of the vortex ring, and transducer C 
measures that in the oblique direction. The vortex ring stably passes the measurement 
section (i.e., it simply migrates without structural change), and the structure is estimated 
by converting the temporal information to spatial information according to 
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where  x  
0
  is the base coordinate at time  t  = 0 and  U  is the translational velocity of the 

vortex ring. The conversion provides a space–space two-dimensional velocity dis-
tribution of the vortex ring from the data of transducers B and C. The coordinate  r  
is converted from the coordinate  s  considering the crossing angle of 45°. 
Consequently, two-dimensional velocity vector information of a single vortex ring, 
 u  = ( u  

x
 ,  u  

r
 ), is determined according to
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⎛ ⎞⎛ ⎞ ⎛ ⎞
= = ⎜ ⎟⎜ ⎟ ⎜ ⎟+⎝ ⎠ ⎝ ⎠ +⎝ ⎠

rr

x r x r

uu u

u u u u up p    (4.33   )   

 This relationship can be used to expand the velocity vector  fi eld as
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 Figure  4.14b  shows the velocity vector distribution of the vortex ring obtained 
using the foregoing relationships  [  7  ] . It is noted that the velocity vector concentra-
tion in the direction of migration changes with the translational velocity because of 
the principle of time-to-space conversion.   

    4.2.4   One-Dimensional Fourier Transform 

 Fourier expansion of the velocity pro fi le measured by UVP assesses the frequency 
of velocity  fl uctuation and wave number of the spatial distribution. There are mul-
tiple purposes of the expansions, such as measurement of the vortex shedding 

  Fig. 4.14    Vortex ring measured with frozen hypothesis for translational advection. ( a ) Set-up of 
 measurement lines. ( b ) Velocity vector  fi eld measured       
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 frequency, evaluation of the energy spectrum, judgment of the  fl ow mode, and 
detection of measurement noise. Furthermore, the Fourier transform of velocity 
data is effective for  fi nding a stationary object in a  fl ow and the position of solid 
walls so long as the spectrum changes in their presence. 

    4.2.4.1   Fourier Transform 

 The Fourier transform is de fi ned as

     
1 1

( ) ( )e d ( )(cos sin )d
2 2

+∞ +∞−

−∞ −∞
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and the Fourier inverse transform as

     ( ) ( )e d ( ) (cos sin )d ,
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where  i  and  u ( t ) are the imaginary number unit and original function, respectively. 
Because UVP obtains the velocity distribution as functions of time and space, we 
have two kinds of Fourier transform, which gives the frequency spectrum and wave 
number spectrum as
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 For pipe  fl ow, for example, Eq. ( 4.37 ) gives the frequency spectra both in the 
central region and near the pipe wall simultaneously. Equation ( 4.38 ) is used to 
discuss transient phenomena such as wavy vortex  fl ow and oscillating shear  fl ow. 
Division by 2  p   in each formula is required to keep the reversibility of the Fourier 
transform, but can be omitted when only one is applied. Because actual data are 
discrete following the spatiotemporal resolution of the velocity measurement, 
numerical spectrum computation such as the fast Fourier transform (FFT) is more 
suitable to save computational time. For the number of sampling data,  N , while the 
direct Fourier transform has computational complexity of  N  2 , FFT has computa-
tional complexity of  N  log 

2
   N , which is less than  N  2  for high  N . The number  N  

should be a power of 2 to obtain an accurate result for the FFT, such as 128, 1,024, 
or 16,384. When the sampling number is narrowly limited, other types of spectrum 
analysis, such as the minimum entropy method, may work better. 

 It is worth noting that the power spectrum is a time-averaged squared quantity of 
the frequency spectrum obtained from Eq. ( 4.37 ). In contrast, the energy spectrum 
is a squared quantity of the wave number spectrum obtained from Eq. ( 4.38 ). The 
former is called so because the quantity evaluates the energy per unit time after the 
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time  averaging. The power spectrum cannot be de fi ned for a transient wave like a 
shock wave, instead, the energy spectrum is invalidly assessed for irregular waves.  

    4.2.4.2   Autocorrelation 

 When a  fl ow  fi eld has periodicity in space or time, the velocity distribution has cor-
relation between shifted periods. Such a characteristic of the  fl ow  fi eld is evaluated 
by autocorrelation. Normalized autocorrelation, which takes the range from −1 to 
+1, is de fi ned by the following formulae in time and space:
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 Here, autocorrelation and the power spectrum are related via the Fourier trans-
form. Discrete forms are given for both de fi nitions, where time and space are 
expressed by the coordinates of  i  and  j , respectively.  

    4.2.4.3   Cross Correlation 

 The similarity of the temporal velocity  fl uctuation between two points is easily 
investigated using a single set of UVP data. For example, when turbulent eddies 
migrate upon convection, the velocity  fl uctuation in the upstream region reappears 
downstream with a time lag. Computation of the cross correlation allows the reap-
pearance to be quanti fi ed. The following formula is that of the normalized cross-
correlation coef fi cient between two velocity  fl uctuations at location  s  

1
  and  s  

2
 , which 

takes the value from −1 to +1, as a function of the time lag,  D  t .
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 Taking the maximum value of the cross correlation within the variation of  D  t , it 
gives a two-dimensional distribution of the maximum cross correlation,  C  

 t 
 ( i  

1
 ,  i  

2
 ), 

which is called a “recurrent map” in the  fi eld of information processing. Figure  4.15  
shows a measurement example of the recurrent map for two vertical lines before and 
after a baf fl e in an open channel. The map indicates that the structure of turbulence 
above the baf fl e is maintained between the two locations while the lower parts are 
separated without signi fi cant correlation  [  6  ] .  

 Swapping time and space in the above formula leads to the following cross- 
correlation coef fi cient that is used to evaluate the similarity of a spatial distribution 
at two time instants:
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 This formula is known as two-point cross correlation and can quantitatively eval-
uate the periodicity and persistency of turbulence or unsteady  fl ow characteristics.   

    4.2.5   Two-Dimensional Fourier Fransform 

 Dealing with the wave number and frequency simultaneously, the two-dimensional 
Fourier expansion is effectively utilized for the UVP dataset. The original de fi nition, 
which is applied for a two-dimensional scalar distribution such as in image analysis, is
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   (4.43  )  
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where  k  and  m  are the wave numbers in  x  and  y  directions, respectively. According 
to this formula, the two-dimensional Fourier transform for the spatiotemporal veloc-
ity distribution of UVP can be de fi ned as
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1
( , ) ( , )e d ·d ,

4
− += ∫ ∫

L T
t ksP k u s t t sww

p
i

   (4.44  )  

where  k  and   w   are the wave number and angular frequency, respectively. It is noted 
that the two-dimensional spectrum has different dimensions for the two directions, 
and care should be taken when the spectrum density and peak intensity are evalu-
ated according to the product of the two dimensions. 

 Figure  4.16  shows an example of the UVP measurement of Taylor–Couette  fl ow in 
a layer between two concentric two annuli (see Sect.   5.1.1    )  [  10  ] . Figure  4.16a  is the 
spatiotemporal two-dimensional velocity distribution, showing periodical  fl uctuations 
both in space and time. Figure  4.16b  depicts the two-dimensional power spectrum of 
the wavy velocity  fl uctuation as a function of frequency,  f , and wave number,  k .   

    4.2.6   Proper Orthogonal Decomposition 

 When periodicity in not only time but also space is poor in a UVP measurement, it 
is normally dif fi cult to  fi nd a coherent structure by analysis on frequency domain 
such as Fourier transform. In this case, a proper orthogonal decomposition (POD) 
might be suitable to extract the features of the spatiotemporal  fi eld. POD is widely 
used to recognize patterns in image analysis, and this analysis method is sometimes 
used to analyze a  fl ow  fi eld, especially one obtained by the PIV method. In UVP 
measurement, because the measurement component is a one-dimensional space and 
time domain, the POD method is also applicable. Some examples applied to Taylor 
vortex  fl ow and sudden expiation  fl ow have been presented  [  11,   12  ] . 

 The details and characteristics of POD are not described in this book. Reference 
books are listed at the end of this section  [  13  ] . Here, the overview of POD for the 
UVP measurement results of a velocity  fi eld between the one-dimensional velocity 

  Fig. 4.15    Recurrent map of turbulence crossing over a baf fl e       

 

http://dx.doi.org/10.1007/978-4-431-54026-7_5#Sec2
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component and space  u ( x ,  t ) is explained. The velocity  fi eld  u ( x ,  t ), whose measur-
ing region {0 ~  X , 0 ~  T } can be decomposed by the random coef fi cient  a  ( n ) ( t ) for 
eigenvector   j   ( n ) ( x ) and eigenvalue   l   ( n ) , is as follows:

     
( ) ( )( , ) ( ) ( ).n n

n

u x t a t x= ∑ f    (4.45   )   

 In the Fourier transform, eigenvector in this formula corresponds to the basic 
function cosnx, sinnx, and the random coef fi cient corresponds to the Fourier series. 
Therefore, the velocity  fi eld  u ( x ,  t ) is decomposed to the random function concerned 
with spatial structure by POD. 

 Eigenvector   f   ( n ) ( x ) and eigenvalue   l   ( n )  can be obtained by solving the eigenvalue 
problem of the following variance–covariance matrix:
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 Here, the correlation coef fi cient  R  
 ij 
  is obtained by the following formula:
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( , ) ( , ).ij

t
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T

= ∑    (4.47   )   

 As an important feature, kinetic energy  E  over the measurement region is obtained 
by a summation of eigenvalues:

     
2 ( )

0
( )d .

X n

n

E u x x= = λ∑∫    (4.48   )   

 This means that each eigenvector obtained by this analysis contributes individu-
ality to kinetic energy. It can be considered that eigenvectors show the coherent 
structure in the measuring  fl ow  fi eld. 

  Fig. 4.16    Measurement of wavy Taylor vortex  fl ow. ( a ) Spatiotemporal velocity distribution. 
( b ) Two-dimensional spectrum       
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 An example of an eigenvector obtained by the POD for the measurement result 
by UVP at sudden expiation  fl ow (Sect.   5.1.5    ) is shown in Fig.  4.17 . From the point 
of view of observation of spatial structure, the eigenvector is aligned in decreasing 
order of large contribution to the kinetic energy of its large eigenvector. Eigenvectors 
shown in this  fi gure occupy 85% of total kinetic energy. It seems that this example 
simply shows that the lower-frequency component is larger than the contribution to 
kinetic energy. However, the eigenvector obtained by POD is random function in 
contrast to the Fourier transform whose basic function is a normal sin or cos wave. 
The meaning of structure indicated by eigenvectors should be treated very carefully 
considering the background of the measurement  fl ow  fi eld.  

 A spatiotemporal velocity  fi eld can be reconstructed using selected eigenvec-
tors. Random coef fi cient  a  ( n ) ( t ) for eigenvalue   l   ( n )  is calculated by the following 
formula:

     
( ) ( )

0
( ) ( , ) ( )d ,

X
n na t u x t x x= ∫ f

   (4.49   )   

 By the selected eigenvector and the random coef fi cient applied to Eq. ( 4.45 ), the 
velocity  fi eld is reconstructed. This method is valid to  fi nd a  fl uctuation of space and 
temporality of coherent structure. 

 Singular value decomposition (SVD) is also known for the similar purpose of 
post-processing. SVD is one of the steps in dynamic model decomposition (DMD) 
that simpli fi es a distribution with a limited number of inverse matrices approxi-
mated  [  14  ] . It is called  snapshot POD , which is also effective to express the velocity 
distribution with a few eigenvalues.  

    4.2.7   Turbulent Statistics 

 In this section, a series of turbulent statistics for UVP data are introduced. Turbulent 
statistics are quantities that express characteristics of temporal velocity  fl uctuations 
and are separate from mean velocity characteristics. 
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  Fig. 4.17    Eigenvectors in sudden expiation  fl ow at  Re  
d
  = 2,200       
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    4.2.7.1   Velocity Deviation  

     [ ]22
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T T
= − =∫ ∫s

   (4.50  )  

where  T  is the sampling width of the measurement. The square root of the value is 
called the standard deviation of velocity. The deviation increases not only with orig-
inal velocity  fl uctuation in the  fl ow but also with the random error factor of the 
measurement system. The measurement quality is thus carefully checked before 
evaluation of the turbulent statistics.  

    4.2.7.2   Turbulent Intensity  
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where  E ( s ) is also called the turbulent energy and   r   is the density of  fl uid.  e ( s ) is the 
dimensionless turbulent intensity normalized by the kinetic energy of mean  fl ow. The 
square root of  e ( s ) is called the turbulence ratio. Because turbulent  fl ow has three-
dimensional velocity  fl uctuation, the foregoing quantities only assess a componential 
characteristic. In the case of anisotropic turbulence seen in a wall boundary layer or 
in pipe  fl ow, we have to pay attention to the biased sensing of the turbulence when a 
measurement line that is nonorthogonal to the mainstream is set  [  15  ] .  

    4.2.7.3   Reynolds Stress 

 Reynolds stress is derived from the Navier–Stokes equation by Reynolds decompo-
sition; that is, replacing all the velocity components,  u ,  v , and  w , with the sum of the 
mean and  fl uctuating components. The decomposition has the following elements.

     
 , ,

⎡ ⎤′ ′ ′ ′ ′ ′ ′ = −⎢ ⎥
τ = ′ ′ ′ ′ ′ ′ ′ = −⎢ ⎥

⎢ ⎥ ′ = −′ ′ ′ ′ ′ ′

⎧
⎪
⎨

⎢ ⎥
⎪

⎣ ⎦ ⎩

u u u v u w u u u

v u v v v w v v v

w w ww u w v w w

r
   (4.52   )   

 The matrix is symmetric, and the diagonal components are given by the velocity 
deviations explained previously. The other three terms, which exist symmetrically 
in the matrix, are called Reynolds shear stress terms. The stress terms express 
momentum transport caused by turbulence, which is described by
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     ( )( ) ,′ ′ = − − = − − + = −u v u u v v uv uv uv u v uv u v    (4.53  )  

     ( )( ) ,u w u u w w uw uw uw uw uw u w′ ′ = − − = − − + = −    (4.54  )  

     ( )( ) .v w v v w w vw vw vw vw vw v w′ ′ = − − = − − + = −    (4.55   )   

 We now focus on the Reynolds shear stress component of Eq. ( 4.53 ). The descrip-
tion on the left-hand side of the equation is the time-average of the product of two 
velocity  fl uctuations. In contrast, the right-hand side of the equation is obtained by 
the time-averaging of the velocity itself. The difference to the experimentalist is that 
the intermediate estimation of the Reynolds shear stress is given only in the latter 
case when a long time measurement is being processed. The equation tells us that  u  
and  v  must be measured as a function of time, simultaneously, and we need to 
employ multiple measurement lines, as mentioned in Sect.  4.2.3 . For set (b) in 
Fig.  4.10 , the Reynolds shear stress is computed as

    
1 2 1 2 1 2 1 2( ) ( ) ( ) ( )
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 Decomposing the equation gives
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 Further decomposition leads to 16 terms; however, time-averaging of the terms 
that have a combination of instantaneous velocity and mean velocity becomes zero, 
and we thus obtain the Reynolds shear stress pro fi le as
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− − − ′ − ′
′ ′ = =
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 The foregoing equation means that the stress is measured simply by the differ-
ence in velocity  fl uctuations between two measurement lines  [  16  ] . 

 Figure  4.18  illustrates the case of a circular pipe  fl ow or a rectangular channel 
 fl ow measurement. Different pro fi les in the velocity deviation are obtained along 
two measurement lines, and their difference is the Reynolds shear stress. This 
idea is valid not only at the crossing point but also along the entire measurement 
line when turbulent characteristics are kept the same within a short distance in 
the main  fl ow direction. Thus, changing the distance between two measurement 
lines does not affect the  fi nal result. Moreover, if the turbulent characteristics are 
symmetric with respect to the central line, a single-line measurement is enough 
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to estimate the turbulent characteristics because a mirror image in the pro fi ling 
can be assumed.   

    4.2.7.4   Turbulence Scale Relative to Sampling Scale 

 Careful attention must be paid to the sampling resolution relative to various scales 
of turbulence. When the spatial sampling interval is larger than the smallest scale of 
turbulence, the turbulence at a high wave number is underestimated. The same 
underestimation occurs when the temporal sampling interval is longer than the fast-
est scale of turbulence. Thus, turbulence in most cases will be underread as it 
increases super fi cially with random noise included in the measurement. This note of 
caution is not speci fi c to UVP, but is general to all kinds of velocity measurements 
such as PIV, particle tracking velocimetry, hot-wire technique, and laser Doppler 
anemometry.   

    4.2.8   Noise Reduction 

 This section explains several typical techniques for noise reduction that are suitable 
for application to spatiotemporal two-dimensional velocity distribution. Here we 
focus on digital signal noise in the form of a velocity distribution, which arises sepa-
rately from analog noise originating from the ultrasound transducer. To reduce 
noise, the detection of noise and hence the generation mechanism for noise in UVP 
must be understood. Here only the scattered random error is set as a common 
problem while the handling of systematic and organized error is omitted because 

  Fig. 4.18    Reynolds shear stress pro fi ling from velocity variances in two directions       
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they must be basically eliminated through optimization of the measurement 
conditions. 

    4.2.8.1   Spatiotemporal Median Filter 

 As the velocity distribution is continuous in space and time, the velocity at a point 
has a value similar to values of the surrounding points. Noise, in contrast, will have 
a value isolated from the surroundings. A median  fi lter can replace such an isolated 
velocity with an appropriate value. This process already includes noise reduction. 
The  fi lter’s function is to employ the  fi fth-largest value among the nine values in 
a 3 × 3 two-dimensional elementary distribution that is centered on the target point. 
A high spurious value is naturally eliminated with this  fi lter and does not leave any 
trace in the  fi ltered distribution. 

 Figure  4.19  shows a simulation example of noise reduction using a median  fi lter. 
The top and bottom of the  fi gure are the cases of a 10% noise ratio to the entire data 
and a 40% ratio, respectively. The position and magnitude of the noise are given 
randomly. The middle  fi gure depicts the data after a single  fi ltering operation, in 
which most apparent noise is removed. Further iterative operation does not change 
the data once the noise is removed (right  fi gure). This is one of the advantages of the 
median  fi lter over other  fi lters that smooth the data as the  fi ltering is operated. The 
disadvantage of the median  fi lter is that noise having a wavelength longer than two 
sampling intervals cannot be erased. Although expansion of the matrix size to 5 × 5 
or larger will solve this problem, the merit of integer value operation is lost and 
results in a stronger smoothing effect.   

    4.2.8.2   Moving-Average Filter 

 The moving-average  fi lter is a  fi lter that replaces the velocity data at a target point, 
 u ( i ,  j ), with the averaged value around it. The  fi lter is de fi ned by
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where  w ( m ,  n ) is a weight coef fi cient in two dimensions, and it can be given by the 
tables shown in Figs.  4.20  and  4.21 . The moving-average  fi lter is categorized as an 
averaging  fi lter because noise is reduced by the averaging effect. The moving-aver-
age is such that averaging is operated successively along the arrangement of data to 
update the correction, which means the value of  u  in the nominator of Eq. ( 4.59 ) 
includes a mix of new and old values, dependent on the computing route of the  
 fi ltering operation.   
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 Figure  4.20b  is the case that averaging is implemented only in space, and 
Fig.  4.20c  is the case in which the averaging is implemented only in time. These two 
cases employ a rectangular weight coef fi cient of 1-1-1. Cases (d) and (e) employ a 
1-2-1 form, which is suitable for the reduction of oscillatory noise. Case (f) is the 
two-dimensional version, which works for the noise pattern of a checkered  fl ag. 

 Figure  4.21b  is the weight coef fi cient for averaging inside a square domain, and 
Fig.  4.21c  is that for reducing a single isolated instance of noise. Case (d) has a 
coef fi cient in proportion to the inverse square distance from the center; cases (e) 
and (f) have priority in space and time, respectively. A heterogeneous weight works 
well a few iterative operations but becomes ineffective when high-density data are 
processed. 

 Figure  4.22  shows simulation examples of noise reduction using an averaging  fi lter. 
Here the case is for a square averaging  fi lter. Dot-type noise disappears with a single 
operation, but the error remains in a diffused pattern. Ten operations completely smooth 
the dot noise; however, the global pattern collapses owing to the strong smoothing 
effect. Thus, the averaging  fi lter does not remove noise but just shifts the noise compo-
nent from a high wave number region to a low wave number region. The Gaussian 
 fi lter, which removes  fl uctuations with wavelength shorter than a given Gaussian 
radius,   l    [  17  ] , is also classi fi ed as an averaging  fi lter. The effect of the Gaussian  fi lter 
is equivalent to the iterative operation of the  fi lter in case (d) in Fig.  4.21 .   

  Fig. 4.19    Noise reduction using median  fi ltering       
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  Fig. 4.20    Weight coef fi cient for moving-averaging  fi lter: simple cases. ( a ) De fi nition. ( b ) Space 
rectangular. ( c ) Time rectangular. ( d ) Space triangular. ( e ) Time triangular. ( f ) Space-time pyramid       

  Fig. 4.21    Weight coef fi cient for moving-averaging  fi lter: advanced cases. ( a ) De fi nition. ( b ) Uniform 
square. ( c ) Isotropic weight. ( d ) Inverse distance weight. ( e ) Space-oriented weight. ( f ) Time-oriented 
weight       
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    4.2.8.3   Frequency Filter 

 In general classi fi cation, the median  fi lter is applied to utilize the nature of integer 
value operation (i.e., grid-type discrete data in two dimensions), and the new value 
is chosen from several candidate values. In comparison, the moving-average  fi lter is 
based on the relaxation of an unordinary value using the averaging effect. The fre-
quency  fi lter differs from those two  fi lters, detecting noise in the frequency domain 
for subsequent erasing. In noise identi fi cation, the Fourier transform, which is 
explained in Sects.  4.2.4  and  4.2.5 , is used. The frequency  fi lter for one-dimensional 
data is applied with the following procedure. 

 First, we carry out the Fourier transform on velocity data  u ( t ) to obtain the fre-
quency spectrum  P  as
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   (4.60   )   

 The transmission spectrum  X  is multiplied with the frequency spectrum:

     ( ) ( )· ( )P P X′ =w w w    (4.61  )  

  Fig. 4.22    Noise reduction using averaging  fi lter       
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and the inverse Fourier transform is then taken to give the corrected velocity data 
 u  ¢  as

     ( ) ( )e d ( ) ( )e d .
+∞ +∞

−∞ −∞
= ′ =∫ ∫t tu t P P Xw ww w w w wi i

   (4.62)      

 When high-frequency noise reduction is desired, the transmission spectrum  X  is 
better given as unity in the low-frequency region and zero in the high-frequency 
region; this is so-called low-pass  fi ltering (LPF). When there is noise in the interme-
diate frequency band, a notch  fi lter, which has a low value of  X  in the correspondent 
frequency, can be applied. 

 When a two-dimensional Fourier transform is applied, more functioned  fi ltering can 
be formulated with the combination of two frequency bands and the wave number. POD 
is another way to reduce noise that exists in a speci fi c mode involved in the  fl ow.  

    4.2.8.4   Other Feasible Filters 

 There are other types of noise reduction, most of which utilize the statistical nature 
of measurement data. They were originally used for the diagnosis of irregular data, 
employing a threshold that is set at several times as the standard deviation. A typical 
example is that the datum is judged erroneous when it is outside the region within 
 U  ± 3  s   when the body of the data has a mean value of  U  and standard deviation   s  . 
A number of good textbooks are available for learning the fundamentals.        
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  Abstract   Because of the advantages of the ultrasonic velocity Doppler pro fi ler 
(UVP), namely in spatiotemporal velocity  fi eld measurements and in its applica-
bility for opaque liquids, UVP has a wide  fi eld of application in science and indus-
try. The following chapter introduces carefully selected examples of applications 
covering relatively basic areas of application. The focus of the contents in this 
chapter is categorized into (1) studies of  fl ow instability and transition (Sect.  5.1 ), 
(2) measurements and investigations of liquid metal  fl ows (Sect.  5.2 ), (3) develop-
ments of new rheometry (Sect.  5.3 ), (4) determinations of rheological properties 
(Sect.  5.4 ), (5) studies of magnetic  fl uids (Sect.  5.5 ) and (6) gas–liquid two-phase 
 fl ow (Sect.  5.6 ), (7) measurements of  fl owrate in turbidity  fl ows (Sect.  5.7 ), and 
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(8)  determinations of  fl ows in a deforming tube for biomedical applications 
(Sect.  5.8 ). The measurement and post-processing techniques used in this chapter 
are described in detail in Chaps.   4     and   7    , and detailed explanations of these aspects 
are omitted in this chapter.  

  Keywords   Flow instability  •  Flowmeter  •  Liquid metal  •  Magnetic  fl uid  •  Peristaltic 
 fl ow  •  Rheology  •  Two-phase  fl ow      

    5.1   Flow Instability and Transition 

 The study of  fl ow transitions from laminar to turbulent  fl ows is an important topic 
in  fl uid dynamics. Based on the idea of linear stability of  fl ows, in fi nitesimal per-
turbations in  fl ows grow exponentially with time (or space in the case of convective 
instability) at the beginning of the  fl ow transition. Then, viscous effects of the  fl uids 
suppress the growth and provide a new stable state of  fl ow. The perturbations are 
described as normal modes, for instance, the velocity perturbation  u'    ( x ,  t ) [here the 
velocity vector  u'  = ( u' ,  v' ,  w' ), positional vector  x  = ( x ,  y ,  z ) and time t] is described as   

     
ˆ( , ) e ( ),′ = = +stx t s is wu u x    (5.1)  

where     ̂ ( )u x   ,   s  , and   w   indicate the spatial pattern, growth rate, and frequency of the 
perturbation. The   s   value for each  mode  of perturbation changes with increases in 
the nondimensional parameters that dominate the  fl ow states (e.g., Reynolds num-
ber, Rayleigh number). A  fl ow becomes unstable when   s   becomes larger than zero 

   H.   Obayashi  
     Japan Atomic Energy Agency (JAEA) ,   Ibaraki ,  Japan    

    T.   Sawada  
     Keio University ,   Yokohama ,  Japan    

                     Y.   Takeda     
   Hokkaido University, Sapporo, Japan  

  Tokyo Institute of Technology, Tokyo, Japan     

     K.   Tezuka   •     S.   Wada  
     Tokyo Electric Power Company ,   Yokohama ,  Japan    

    Y.   Tsuji  
     Nagoya University ,   Nagoya ,  Japan    

    T.   Yanagisawa  
     Japan Agency for Marine-Earth Science and Technology (JAMSTEC) ,   Yokosuka ,  Japan    

    J.   Wiklund  
     The Swedish Institute for Food and Biotechnology (SIK) ,   Göteborg ,  Sweden    

http://dx.doi.org/10.1007/978-4-431-54026-7_4
http://dx.doi.org/10.1007/978-4-431-54026-7_7


1095 Practical Applications

for a mode of the perturbations. Flows may show spatial periodicity, leading to 
    ˆ( )u x    in Eq. ( 5.1 ) being described, for example, as

     
ˆ( ) e ( , )= �kx y zu x ui

   (5.2)  

where  k  stands for the wave number in the  x  direction. As a result of  fl ow instability, 
the most unstable mode of perturbations that has temporal and/or spatial periodicity 
appears as the new stable state. In the process of  fl ow transitions other modes also 
become unstable and nonlinear interactions between these show as chaotic  fl ows. 
As mentioned in the previous chapters, UVP provides spatiotemporal velocity infor-
mation,  u ( x ,  t ), and thus UVP is able to represent the  fl ow behaviors in  fl ow instabil-
ity. The following introduces some work about the  fl ow instability and transition by 
means of UVP. The textbook (for  fl ow instabilities)  [  1  ]  gives further details of  fl ow 
instability. 

    5.1.1   Taylor–Couette Flow  [  2–  5  ]  

 Taylor–Couette  fl ow indicates  fl ows in rotating, coaxial double cylinders and 
shows a variety of  fl ow patterns depending on the speed and direction of the rota-
tion of the cylinders  [  6  ] . Figure  5.1  shows a coordinate system of the  fl ow, where 
 R  

i
  and  R  

o
  represent the diameters of the inner and outer cylinders, respectively. 

The Reynolds number that dominates the  fl ow state is de fi ned by the frequency of 
rotation of the inner cylinder   W  , the gap between the cylinders,  d  =  R  

o
  −  R  

i
 , and the 

kinematic viscosity of the  fl uids,   n  , as  Re  =   W  R  
i
  d /  n  . For extremely small  Re  values 

the  fl ow has only an azimuthal component (Couette  fl ow). In the case of a rotating 
inner cylinder and a  fi xed outer cylinder, an array of toroidal vortex rings (Taylor 
vortices) appears as the primary instability of the  fl ow (Taylor vortex  fl ow; 
Fig.  5.2a ). Then, azimuthal waves occur on the vortices as the secondary instabil-
ity with increasing of  Re  (wavy vortex  fl ow, WVF; Fig.  5.2b ). For the WVF 
regime, UVP with an ultrasonic transducer mounted upon the  fl uid layer parallel 
to the rotating shaft ( z  direction) translates the  fl ow as a spatiotemporal velocity 
distribution,  u  

 z 
 ( z ,  t ) (as suggested in Fig.  5.3 ). There are periodic patterns in space 

and time, and these represent Taylor vortices and azimuthal waves. Therefore, a 
Fourier analysis of the distribution provides the wave number of vortices and the 
frequency of waves (a 2D Fourier analysis provides both; see Sect.  4.2.5 ). 
Figure  5.4a  shows an example of the power spectrum, where the spectrum is spa-
tially averaged to reduce the noise from measurement errors. There are clear peaks 
on the spectrum, and these correspond to the main frequency of the waves,  f  

1
 , and 

its harmonics, 2  f  
1
 , 3  f  

1
 . At further higher  Re , another peak,  f  

m
 , that is not a har-

monics of  f  
1
 , appears as the modulation of the waves (modulated wavy vortex 

 fl ow, MWV) (Fig.  5.4b ). Every peak on the spectrum can be represented by a 
combination between  f  

1
  and  f  

m
 , e.g.,  f  

5
  =  f  

1
  − 2 f  

m
 .     
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  Fig. 5.2    Visualized images of Taylor–Couette  fl ow. ( a ) Taylor vortex  fl ow. ( b ) Wavy vortex  fl ow       

  Fig. 5.1    Coordinate system of Taylor–Couette  fl ow       
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  Fig. 5.3    Spatiotemporal velocity distribution measured by UVP in wavy vortex  fl ow (WVF) 
regime       

  Fig. 5.4    Spatially averaged power spectra of axial velocity  fl uctuation. ( a ) Re = 538.2. ( b ) Re = 
1,076.3       
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 Variations of peak values in each frequency component represent a transition 
between  fl ow regimes. Figure  5.5  shows an excitation function that represents the 
growth of frequency components with respect to the Reynolds number,  Re , where 
 Re  is reduced by the critical Reynolds number at the onset of the primary instability, 
 Re  

c
 , as  Re  *  =  Re / Re  

c
 . Here, the peak value of the frequency component  f  

1
  that origi-

nates in the azimuthal wave increases with increases in  Re ; it then decreases with 
the appearance of other frequency components. Thus, the  fl ow regime changes from 
WVF to MWV. The increase in the frequency components is caused by growth of 
the modulation component  f  

m
 , and thus the zero cross point of the variation indicates 

the critical Reynolds number for the onset of MWV, determined as  Re  
m
  = 753.5 

( Re  
m
 / Re  

c
  = 5.59).   

    5.1.2   Wake of Two Cylinders in Tandem  [  7  ]  

 The von Kárman vortex street appearing in the wake of two-dimensional bluff bodies 
is a well-known example of  fl ow instability phenomena. Here the nondimensional 
vortex shedding frequency,  St  =  fd / U  (Strouhal number), takes a value of 0.21 for 
cylinder wakes in a wide range of Reynolds numbers,  Re  =  Ud /  n  , where  f ,  d ,  U , and 
  n   are the vortex shedding frequency, cylinder diameter, upstream streamwise veloc-
ity, and kinematic viscosity of the  fl uids, respectively. For the wake of two cylinders 
in tandem (Fig.  5.6 ), the  fl ow takes two modes depending on  Re  and also depending 

  Fig. 5.5    Excitation function of waves       
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on a gap ratio,   G   =  l / d  ( l  is the distance between the center of the cylinders). Figure  5.7  
shows a dye visualization of streamlines around the cylinders at each  Re  for   G   = 5. In 
the case of a s low mode  (e.g., Fig.  5.7a , b), the streamline is closed between the cyl-
inders, and thus the cylinders appear as one elliptical cylinder. The wake performs a 
slow oscillation but does not create vortices in this area of the visualization. On the 
other hand, in the case of a  fast mode  (e.g., Fig.  5.7c , d), the  fl ow is unsteady just 
behind the upstream cylinder. The frequency of the  fl uctuation is larger than that in 
the slow mode, and the wake of the cylinder displays vortex shedding.   

 As expected from the numerical study  [  8  ] , the transition between the two modes 
displays hysteresis: the  fl ow regime changes from the slow mode to the fast mode at a 

  Fig. 5.6    Coordinates of a wake of two cylinders in tandem and measurement arrangement 
(reprinted with permission from  [  7  ] . Copyright (2006), American Institute of Physics.)       

  Fig. 5.7    Dye visualization of streamlines around the cylinders for   G   = 5. ( a )  Re  = 130. ( b ) 150 
(slow mode). ( c ) 150 (fast mode). ( d ) 130 (reprinted with permission from  [  7  ] . Copyright (2006), 
American Institute of Physics.)       

 

 



114 Y. Tasaka et al.

certain Reynolds number,  Re  
t1
 , with increasing  Re  at a  fi xed gap ratio,   G   (Fig.  5.7b , c), 

but the  fl ow maintains the regime until  Re  =  Re  
t2
  even if  Re  becomes smaller than  Re  

t1
  

(Fig.  5.7c , d); this means that the  fl ow is in a bi-stable condition, and the  fl ow shows 
as two stable conditions, a slow and a fast mode, at the same  Re . The UVP measure-
ments can provide a quantitative representation of changes on the bi-stable condition 
with respect to   G  . Figure  5.6  also shows measurement con fi gurations in the test sec-
tion. All the cylinders and a 4 MHz ultrasonic transducer are mounted in a rectangular 
measurement unit with a 215 mm × 110 mm cross section and set in a water tunnel. 
The UVP measures the vertical velocity pro fi les of the wake,  v ( y ,  t ), and the Fourier 
transform gives the primary frequency of the velocity  fl uctuation. Figure  5.8  is an 
example of a spatially averaged power spectrum of  v ( y ,  t ), where the spectra obtained 
at each  y  position are averaged in a range of  y  values to reduce the noise caused by the 
measurement error. The spectrum is from a  fl ow in the fast mode, and has a secondary 
frequency component  f  

m
  in addition to the vortex shedding frequency  f  

v
 . In compari-

son with the  fl ow visualization, the  f  
m
  represents a modulation frequency of the vortex 

shedding and is not observed in the slow mode. Figure  5.9  shows variations in the 
Strouhal number,  St , with respect to  Re  at each   G  . Here the jump in  St  from small 
values to large values indicates the  fl ow transition from the slow mode to the fast 
mode. As seen here the variation shows different behaviors with increasing and 
decreasing  Re . For further details of this study, please refer to Tasaka et al.  [  7  ] .    

    5.1.3   Experimental Simulation of Flows 
in a Czochralski Crystal Puller  [  9  ]  

 Flow instability may affect the quality of deposition of materials. Here, an experi-
mental simulation of  fl ows in the Czochralski crystal puller (Cz-CP) is introduced 
as an example of this. The actual crystal puller consists of molten silicon contained 
in a heated crucible and a seed crystal mounted on the bottom face of a cylinder with 

  Fig. 5.8    Spatially averaged power spectrum of velocity  fl uctuation in the fast mode (reprinted 
with permission from  [  7  ] . Copyright (2006), American Institute of Physics.)       
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the vertical axis concentric with that of the crucible. The seed crystal just touches 
the free surface of the molten silicon. Both the crucible and the cylinder are rotated, 
and the entire device is operated at temperatures in excess of 1,000°C to keep the 
silicon in the liquid phase. By slowly pulling the seed crystal away from the melt, a 
new crystal is extracted. 

 Because it is physically dif fi cult to investigate  fl ow phenomena at the operating 
conditions of an actual Cz-CP, a simpli fi ed simulated device is used (Fig.  5.10 ). The 
experimental apparatus consisted of a simulated 100-mm-diameter and 140-mm-
high crucible, with a simulated 30-mm-diameter and 40-mm-long crystal mounted 
on a small stainless steel  fl ange. The simulated crystal is a cylinder with a  fl at bot-
tom and sharp bottom edge. Both the crucible and crystal were made of Perspex. 
The test  fl uid is a 30 wt % glycerol solution with seeding particles of polymer (den-
sity, 1.02 kg/m 3 ) mixed in the  fl uid. A 7.8-MHz ultrasonic transducer is mounted 
horizontally 2 mm below the surface of the  fl uid.  

 A color-coded image of the radial velocity component ( V  
 r 
 ) is given in Fig.  5.11 . 

The magnitude of the velocity is divided into a color-coded log scale as indicated in 
the upper right-hand corner. In the regions where the  fl ow velocities are below 
~0.7 mm/s, the coloring scheme represents this in black. Figure  5.11a  shows the 

  Fig. 5.9    Variations of Strouhal number,  St , with respect to Reynolds number. ( a )  Re , at gap ratio 
  G   = 4.5. ( b ) 4.6. ( c ) 4.7. ( d ) 6.0 (reprinted with permission from  [  7  ] . Copyright (2006), American 
Institute of Physics.)       
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initial transient, from zero rotation to a preselected rotation rate (200 rpm). 
Figure  5.11b  additionally shows the continuation of this run until a steady state is 
achieved. The interpretation of the color plot in Fig.  5.11  can be aided by imagining 
the Cz-CP (Fig.  5.10 ) placed horizontally so that the top and bottom boundaries in 
the  fi gure span the diameter of the crucible and the central region represents the 
region beneath the rotating crystal. The interpretation of this particular  fi gure is 
explained in Fig.  5.12 . The rotation-induced  fl uid motion is scanned along a line of 
measurement starting from the wall of the crucible on which the transducer is 
attached.    

    5.1.4   Temporally Irregular Flow Transition 
Under Rotating Free Surfaces  [  10  ]  

 Rotating  fl ows accompanied by a free surface show temporally irregular motion 
 [  11  ] . This motion is termed  surface switching , as in the con fi guration shown in 
Fig.  5.13 , where a  fl uid layer of tap water in an open-ended cylindrical container is 
rotated by a bottom disk. The  fl uid layer has a depression in the free surface, with 

  Fig. 5.10    Schematic representation of the simulated Czochralski crystal puller (reprinted from  [  9  ]  
with permission from Elsevier)       
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  Fig. 5.11    Color-coded velocity pro fi le as a function of position and time. ( a ) Transient signal of 
the radial velocity component. ( b ) Continuation of the run to steady state (reprinted from  [  9  ]  with 
permission from Elsevier)       
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  Fig. 5.12    Qualitative sketch of the two-dimensional  fl ow pattern in the Cz-CP during the initial 
transient to steady state; corresponding time for ( a ) to ( h ) are indicated in Fig.  5.11  as t1 to t8 
(reprinted from  [  9  ]  with permission from Elsevier)       
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the depth depending on the speed of rotation on the disk. The tilt angle of the free 
surface is dominated by the centrifugal and gravity forces working on the  fl uid. At 
higher speeds of rotation the free surface attaches to the bottom, and the attaching 
free surface forms a circular hollow in the  fl uid layer (Fig.  5.14a ). For a case that 
satis fi es the conditions on the speed of rotation, height of the  fl uid layer, and other 
parameters, the attaching free surface changes the shape of the horizontal cross sec-
tion from circular to ellipsoidal (Fig.  5.14b , c), and detaches from the bottom 
(Fig.  5.14d ). The detached free surface displays a vertical oscillation and may sud-
denly recover axi-symmetry in its cross-sectional shape (Fig.  5.14e ); this is fol-
lowed by the free surface reattaching to the bottom (Fig.  5.14a ). The process just 
summarized appears irregularly, with the frequency depending on the size of the gap 

  Fig. 5.13    Experimental setup       

  Fig. 5.14    Process of the surface switching: front view of the free surface ( bottom ) and schematic 
representation of top view of the free surface ( top ). Note that the  left  and  right  panels are the same 
 [  10  ]  (reproduced with permission.)       
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between the disk and cylinder, and the edge shape of the disk. Here further details 
of the study are omitted, and the following explains the representation of transient 
 fl ows under temporally irregular surface switching.   

 The radius of the cylinder is  R  = 42 mm and the gap size is 0.3 mm. The height of 
the  fl uid layer is  H  = 40 mm. A 4-MHz ultrasonic transducer is mounted at the side 
wall of the cylinder 8 mm above the disk, and thus the UVP measures the spatiotem-
poral velocity distribution of the radial velocity component,  u  

 r 
 ( r ,  t ), along the hori-

zontal centerline of the cylinder. The speed of rotation on the disk is  W  = 13.2 Hz, 
and the corresponding Reynolds number for the  fl ow of rotation on the disk is 
 Re  = 2 p  W   R  2 /  n   = 1.46 × 10 5 , where   n   is the kinematic viscosity of the  fl uid. To repre-
sent the  fl ow condition the time variation of the spatial root mean square of velocity 
 fl uctuation,  u  

 r 
 ' ( r ,  t ),    is adopted:

     ( )
2

1

1/2

rms
2 1

1
( ) ( , )d

R

rR
u t u r t r

R

⎡ ⎤
= ′⎢ ⎥−⎣ ⎦

∫
h

hh h    (5.3   )   

 Here,   h   
1
  and   h   

2
  are 0.49 and 0.67, respectively. This value indicates the degree of 

turbulence in the  fl ow and takes small values for laminar  fl ows. Figure  5.15  shows 
variations of  u  

rms
  and the height of the free surface at the center of the cylinder,  h , 

where the brackets < > mean the moving average on the variations for averaging peri-
ods of 0.53 s for  h  and 0.52 s for  u  

rms
 , respectively. There is a correlation between the 

variations; namely,  u  
rms

  takes relatively larger values for the free surface taking rela-
tively higher positions, and vice versa. The free surface approaches to the bottom disk 
around 310 and 470 s, and this motion corresponds to the symmetry recovery process 
in the surface switching (shape transition from Fig.  5.14d–a ). The corresponding  u  

rms
  

has extremely small values and quickly increases with elevation of the free surface. 
These variations of  u  

rms
  indicate that the surface switching accompanies the laminar–

turbulent  fl ow transition, and turbulent mixing of the  fl ow sustains the free surface, 
being at relatively higher positions, by the changing pressure balance in the  fl uid layer. 
The laminar–turbulent  fl ow transition in the switching process has also been observed 
by a  fl ow visualization using suspended  fl akes  [  12  ] .   

  Fig. 5.15    Variations in the surface height and corresponding velocity  fl uctuations in the switching 
process  [  10  ]  (reproduced with permission.)       
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    5.1.5   Flow Transition in Sudden Expansion of a Pipe 

 Separation and reattachment of  fl ow can be seen in many engineering  fi elds, and has 
been experimentally investigated from many points of interest such as focusing on 
the high heat transfer mechanism around the reattachment region. Behavior of the 
separated shear layer, which determines the reattachment point, is strongly in fl uenced 
by recirculation of  fl ow. In spite of its simple geometry, the three-dimensional char-
acteristics (the spanwise structure) of the separated shear layer are not negligible, 
making the  fl ow structure rather complex. To discuss  fl ow structure in such  fl ow 
 fi elds, measurement of the spatiotemporal velocity  fi eld is essential. In this section, 
as a typical example of separated shear  fl ow, the axisymmetric  fl ow  fi eld in sudden 
expansion of a pipe is introduced with the measurement results of its spatiotemporal 
velocity by UVP. The transition mechanism to turbulence is also discussed  [  13  ] . 

 The experimental apparatus is shown in Fig.  5.16 . Pipe diameter,  d , is 25 mm at 
upstream and 45 mm at downstream. The step height is 10 mm and expansion ratio 
is 1.8. As the sudden expansion part is located 84 d  downstream from the inlet noz-
zle, the velocity pro fi le is considered fully developed before reaching the step (sud-
den expansion part). The streamwise and azimuthal components of the velocity are 
 v  

z
 ( z , t ) and  v  

r
 ( r , t ), respectively. The measuring region for  v  

z
  spans  z / h  = 2–20.  

 Typical spatiotemporal velocity  fi elds measured by UVP are shown in Fig.  5.17 . 
 V  

 b 
  indicates bulk velocity in the upstream of the step. Horizontal axis shows dimen-

sionless time and vertical axis denotes streamwise position. Figure  5.17a–c  shows 
the measurement results in the case of (a) laminar, (b) transition, and (c) turbulent 
regions in the upstream of the step based on Reynolds number. In each  fi gure, a 
reverse  fl ow (shown as a right-down stripe) and vortex shedding from the separated 
shear layer (shown as a right-up stripe) are clearly observed. The inclination angle of 
the right-up stripe corresponds to the traveling velocity of vortex shedding from the 
separated shear layer. In the case of turbulent  fl ow shown in Fig.  5.17c , the  traveling 
velocity of the vortices is slower in dimensionless time compared to other  fi gures.  

 Variation of the length of a separation bubble can also be observed easily by this 
measurement. From laminar to transition region, the length of separation bubble 
increases with Reynolds number but decreases drastically in the case of turbulent 

Flow
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r Separated shear layer

Reattachment zone
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  Fig. 5.16    Experimental apparatus for velocity measurement of  fl ow in sudden expansion of pipe 
 [  13  ]  (with kind permission from Springer Science+Business Media)       
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region. The characteristic of the reattachment phenomena is determined by the balance 
between entrainment at the separated shear layer and recirculation  fl ow. UVP mea-
surement is very suitable for the measurement of these  fl ow  fi elds because recircula-
tion  fl ow and wake  fl ow including vortex shedding can be measured simultaneously. 

 For example, the transition of the reattachment point can be effectively inves-
tigated by using this measurement method. From the instantaneous velocity 
pro fi les, it can be seen that the point at which velocity changes from minus to 
plus varies spatially as a result of the  fl uctuation of separated shear layer and the 
shedding of separation bubble. This zero cross point should be related to the 
instantaneous  reattachment point. The time-averaged location of zero cross 
point is shown in Fig.  5.18  together with reattachment points obtained by other 
studies. It is well known that the reattachment length shows such a trend with 
Reynolds number that it increases with Reynolds number for laminar upstream 
 fl ow, decreases gradually for transition, and is almost stable for turbulent. 
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  Fig. 5.17    Spatiotemporal velocity  fi eld downstream of sudden expansion at ( a ) Re
d
 = 688. ( b ) 

1,528. ( c ) 3,591   [  13  ]  (with kind permission from Springer Science+Business Media)       
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Variation of the zero cross point obtained by UVP measurement is almost in 
agreement qualitatively with Armly’s result  [  14  ] , especially pertaining to the 
rapid decrease at around  Re  

 d 
  = 1,500 followed by gradual decrease of reattach-

ment length at a larger Reynolds number.  
 To obtain a spatial characteristic of this  fl ow  fi eld, an analysis by proper orthogo-

nal decomposition (referred to in Sect. 4.2.6) is suitable. Figure  5.19  shows the 
transition scheme of the  fi rst ten eigenvalues with Reynolds number. Each eigen-
value increases with Reynolds number. On the other hand, in the transition region of 
1,000 <  Re  

d
  < 2,000, the jump of eigenvalue can be observed at two Reynolds num-

bers, which is the same as the zero cross point as shown in Fig.  5.18 .  
 Variation of global entropy with Reynolds number is shown in Fig.  5.20 . Global 

entropy  H  is obtained by the following equations: 

     

( ) ( )1
1n

1n
n nH p p

N
= − Σ

   
(5.4  )

  

     

( )n

n

E = λ∑
   

(5.5  )
  

where  p  ( n )  =   l   ( n ) / E , and  N  is the number of data points. Figures  5.20  and  5.21  show 
the variation of global entropy for streamwise velocity component  v  

z
 ( z , t ) and radial 

velocity component  v  
r
 ( r , t ), respectively.  

 In both  fi gures, the jump of the global entropy toward decreasing direction at 
 Re  

d
  = 1,500, 2,000 can also be observed clearly. As a similar result is also observed 

in other experimental systems  [  5  ] , this phenomenon can be considered common in 
the transition to turbulent  fl ow.  
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  Fig. 5.18    Variation of reattachment point and zero velocity point  [  13  ]  (with kind permission from 
Springer Science+Business Media)       
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    5.1.6   Flow Field on a Heated Rotating Disk 

 A  fl ow  fi eld on a heated rotating disk is a complex phenomenon, considering that it 
consists of forced convection induced by rotating movement of the disk and natural 
convection caused by heating of the disk. It has been studied by many researchers 
as a basic study subject to clarify the heat transfer mechanism of a rotating  fi eld. 
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  Fig. 5.19    Variation of eigenvalue   l   ( n )  for  v  
z
 ( z , t )  [  13  ]  (with kind permission from Springer Science+

Business Media)       
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  Fig. 5.20    Variation of global entropy for  v  
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 ( z , t )  [  13  ]  (with kind permission from Springer 
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When the rotating speed of the disk is large, the  fl ow structure on the heated rotating 
disk shows a simple boundary layer because the  fl ow  fi eld is dominated by forced 
convection induced by rotating of the disk. When heating is rapid, the  fl ow  fi eld is 
approximately similar to the  fl ow  fi eld on a heated horizontal plate because natural 
convection is dominant. However, an analysis of the  fl ow  fi eld under mixed convec-
tion becomes more complex because of instability between the  fl ow induced by 
buoyancy and rotating of the disk. A  fl ow that is laminar on an unheated rotating 
disk becomes turbulent when the rotating disk is heated. It is noted that the vortex 
structure stretching to the rotating direction of the disk occurs under the transitional 
condition between the dominance of forced and natural convection. This vortex 
structure may be generated by instability between the buoyancy and centrifugal 
forces. It is very interesting to study such an unsteady  fl ow structure under mixed 
convection. In this section, some measurements and analysis results of this  fl ow 
 fi eld obtained by UVP, especially those concerning the transitional behavior between 
natural and forced convections  [  15  ] , are introduced. 

 An experimental apparatus is shown in Fig.  5.22 . Radius of the rotating disk 
submerged in a water tank (620 × 720 × 400 mm) is  R  = 85 mm. The water is 400 mm 
deep with a free surface. The rotating disk consists of a copper plate 5 mm thick 
with an insulator inside. An ultrasonic transducer directed to the center of the disk 
was set outside of it. Because the measurement lines all pass through the center 
point of the disk, the velocity component is  v  

r
 ( r , t ). Measurement line of the trans-

ducer is set at  z  = 1.5 mm above the surface of the disk. Nylon powder (density 1.02, 
particle diameter 100  m m) is mixed into the water as tracer.  
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 The parameters of this experiment are rotating angular speed of the disk ( w ) and 
temperature difference between the water and the surface of the disk (ΔT ). Rotating 
velocity of the disk was varied from 5 to 25 rpm (Reynolds number is  Re  

 w 
  = 0.66 × 10 4 –

3.29 × 10 4 ): this is laminar condition in the nonheating case. Temperature difference 
between the surface of the rotating disk and the water was varied at  DT  = 2.5–55°C 
(Grashof number is  Gr  = 0.23 × 10 8 –5.07 × 10 8 ). The temperature of the water is 
maintained at  T  = 40°C to obtain a constant ultrasonic velocity. 

 A spatiotemporal velocity  fi eld measured by UVP is shown in Fig.  5.23 . In 
Fig.  5.23a , where angular speed is the highest, velocity component  v  

 r 
  increases with 

radius position because of centrifugal force. Because the effect induced by the heat-
ing is small compared to that of rotation, no instability is observed. On the other 
hand, in Fig.  5.23b  and  c , clear stripes shown by the white dotted lines can be 
observed. This right-up stripe shows that the vortex moves from the center of the 
disk toward the outside. Under certain  Re  

 w 
  and  Gr  conditions, vortex stretching in 

the azimuthal direction is generated by instability induced by natural convection. 
This vortex moves in the azimuthal direction with slightly slower speed than the 
disk rotation and travels toward the outside. This vortex is generated at around 
 r / R  = 0.5 in Fig.  5.22b . In Fig.  5.22c , the generation point is not  fi xed and a  fl ow 
moving toward the center of the disk induced by natural convection can be observed. 
In Fig.  5.22d , the  fl ow  fi eld is almost dominated by natural convection, and it is 
dif fi cult to observe any vortex structure.  

 As the periodicity of the  fl ow structure in relationship to vortex generation is not 
signi fi cant and velocity components in different directions are measured on the 
measuring line simultaneously, two-dimensional Fourier transform (explained in 
Sect.  4.2.5 ) is considered suitable to discuss such a  fl ow  fi eld. Using this method, 
spectra of  fl ow heading toward the outside of the disk and the one heading toward 
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the center of the disk can be separated. By performing reverse Fourier transform, 
spatiotemporal velocity  fi elds for the two velocity components in opposite direc-
tions can be obtained. 

 The spatiotemporal correlation of the reconstructed velocity  fi eld in the direction 
toward the outside of the disk is shown in Fig.  5.24 . Based on these correlation 
results, discussion can be made on vortex generation, its scale, and traveling veloc-
ity, hence enabling the clear classi fi cation of forced convection, mixed convection, 
and natural convection regions, respectively.    
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    5.2   Liquid Metals 

 In this section, we summarize the applications of UVP to the measurement of liquid 
metals. Neither LDV (laser Doppler velocimetry) nor PIV (particle image veloci-
metry) can be used for the measurement of opaque liquids. It is one of the advan-
tages of UVP application to this kind of liquid. We report  fi rst the measurement of 
thermal convection in a con fi ned cell of mercury, second the thermal convection of 
gallium controlled by magnetic force, and  fi nally describe the  fl ow of lead-bismuth 
eutectic alloy in a spallation target. 

    5.2.1   Thermal Turbulence in a Con fi ned Cell 

 Thermal convection is a subject of longstanding interest and has many applications 
in science and engineering. Heat transport problems are also frequently encountered 
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in technological applications. Filling the  fl uid in a con fi ned cell, and heating 
 uniformly the bottom plate, we know that the heat is transferred by thermal conduc-
tivity at  fi rst. The temperature difference between upper and lower plate Δ T  becomes 
large; then, thermal convection plays the role of heat transfer. The control parameter 
of this system is the Rayleigh number,  Ra , de fi ned as  Ra  =   a  D TgL 3/  n  k  , with  g  being 
the gravitational acceleration,  L  the height of the cell, and   a  ,   n  , and   k   the thermal 
expansion coef fi cient, kinematic viscosity, and thermal diffusivity, respectively. For 
high Rayleigh numbers such as 10  £   Ra , we can observe thermal turbulence. 

 One of the recurrent themes of con fi ned thermal turbulence in the Rayleigh–
Bénard apparatus is the relationship between large-scale circulation (LSC), which is 
often called “wind,” and a plume emitted from the top/bottom walls. The wind sur-
vives even when the dynamic parameter, Rayleigh number  Ra , is very large  [  16  ] . 
The wind’s direction occasionally changes rapidly but is not periodic  [  17  ] . The 
progress in understanding several aspects of turbulence in the Rayleigh–Bénard 
convection is summarized in a recent review paper  [  18  ] . On global wind dynamics, 
it is found that the large-scale circulation breaks its rotational invariance of the cell 
for cylindrical samples with aspect ratio   G   = 1, which generates oscillations of the 
circular plane. Funfschilling et al.  [  19  ]  reported that the orientation of the upper half 
of the LSC undergoes azimuthal oscillations, but they are out of phase with those of 
the lower half. They call this motion torsional mode. Xi et al.  [  20  ]  found a sloshing 
mode in a   G   = 1 cylindrical cell that occurs in addition to the torsional mode. The 
sloshing mode consists of a translational or off-center motion that is perpendicular 
to the vertical circulation plane of the LSC. The off-center motion oscillates time-
periodically around the cell’s central vertical axis, with amplitude being nearly 
independent of the turbulent intensity. In this subsection we summarize our recent 
results on LSC of a low-Prandtl-number  fl uid. 

    5.2.1.1   Experimental Setup 

 Figure  5.25  shows a schematic drawing of the convection cell, which is a vertical 
cylinder with its inner diameter and height being  D  = 10 and  L  = 5, 10, or 20 cm, 
respectively (the aspect ratio   G   º  D / L  is thus 2, 1, or 0.5). The side wall and upper 
and lower plates are made of stainless steel. The temperature of the upper plate is 
regulated by passing cold water through a cooling chamber  fi tted on the top of the 
plate. The lower plate is heated uniformly at a constant rate with a heat pipe. The 
temperature difference D T  between the two plates is measured by a thermocouple 
embedded inside the plates. One of the dominant control parameters in this experi-
ment is the Rayleigh number  Ra .  

 During our experiment, only the bottom temperature is changed, so the average 
temperature of mercury at the center is not constant.  Ra  is changed from 10 6  to 
4 × 10 8 , and its relationship to the Nusselt number,  Nu , is  Nu  = 0.095 Ra  0.294 ; this is 
similar to the results of Takeshita et al.  [  21  ] , Cioni et al.  [  22  ] , and Glazier et al.  [  23  ]  
We also performed another experiment using a large-scale cell with diameter, height, 
and aspect ratio of 30.6 cm, 61.2 cm, and   G   = 0.5, respectively. The Rayleigh  number 
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is up to 7 × 10 10 . Using ultrasonic velocimetry  [  24–  26  ] , instantaneous velocity is 
measured at 128 points on the centerline of a cell, and temperature  fl uctuation is 
simultaneously measured by a small thermistor at the cell center. LSC in low-Pr-
number convection is characterized by frequency spectra and the joint probability 
density function of temperature and velocity. Dependence on the aspect ratio and  Ra  
has been reported  [  27–  29  ] . 

 A piezoelectric ultrasonic transducer, 5 mm in diameter and 8 cm in length, is 
mounted on the top of the outer surface (Fig.  5.25 ). Velocity is measured simultane-
ously at 128 points 0.74 mm apart from each other on the centerline of the cell. The 
vertical axis is  z  and its origin is at the upper plate. The velocity is de fi ned as posi-
tive in +  z  direction and negative for −  z . It is expressed as     ( )w t�   . 

 The data are sampled every 0.132 s. The velocity resolution is about 0.7 mm/s under 
this condition. The sampling volume, or the space resolution, is the shape of a disk 
whose diameter is 5 mm and thickness is 0.74 mm. Instantaneous temperature  fl uctuation 
is measured by a small thermistor located at the cell center. Its diameter is 0.254 mm 
and response time is 10 ms. Simultaneous measurement of velocity and temperature is 
performed in the different aspect ratios (  G   = 0.5, 1, 2) and Rayleigh numbers. 

 Tracer particles are selected according to the  fl ow velocity, liquid density, and 
total measuring time. The particle density is to be matched with that of liquid mer-
cury. Small density differences cause the rise and sedimentation of particles. In our 
experiment, we mixed a powder of gold-palladium alloy into the mercury as a tracer. 
The composition of the alloy was designed so that its density coincides with that of 
the mercury, 13.48 g/cm 3  at 45°C, which is the mean temperature of the two plates 
at the highest  Ra  attainable in our measurement. The tracers enable us to measure 
the whole pro fi le of the velocity  fi eld along the  z -axis. 

 In a preliminary test, a transducer is attached with traversing system controlled 
by a stepping motor. The transducer is sunk beneath the mercury, and it is moved at 
a constant speed (a few mm/s). We add the gold-palladium powder until a clear echo 
signal is observed. At 0.6 g/l the traversing speed is equal to the speed measured by 

  Fig. 5.25    Schematic view of experimental apparatus and coordinate system  [  28  ]  (Copyright 
(2006) by The American Physical Society.)       
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UVP. This information helps us to decide the mixing ratio as 1.0 g/l. The weight 
ratio of the particles is less than 10 –4 , and it is almost negligible if compared with the 
purity of the mercury (99.5%); the physical properties of mercury are not changed 
by the tracer particles. 

 Because of the starting depth, the transducer should be set at 5 mm inside from 
the surface. The surface of the cell is covered with a thin vinyl  fi lm and the cavity 
is  fi lled with water. It is important to use the thin vinyl  fi lm for reducing the 
re fl ection from it and to not disturb the  fl ow  fi eld. We want to measure close to the 
wall; therefore, the starting depth is set at 5 mm for   G   = 1.0 cell. For the smaller 
aspect ratio cells, however, because the maximum depth is restricted, the trans-
ducer is set 40 mm inside from the surface. This setting enables us to measure all 
the pro fi le across the cell. We can obtain more than 90% echo from the transducer 
during all experiments.  

    5.2.1.2   Thermal Turbulence in Mercury 

 In Fig.  5.26  we show the instantaneous velocity distribution. The vertical axis is the 
distance from the upper wall, and the horizontal axis indicates time. We only moni-
tor the vertical component of velocity on the centerline of the cell. Positive and 
negative signs indicate the downward and upward velocity, respectively. The origin 
of the  z -axis is set at the upper plate. Velocity  fl uctuations are classi fi ed into eight 
levels between the maximum and minimum values, and they are identi fi ed each in 
their own color.  

 In the case of   G   = 2, the downward and upward  fl ows oscillate in opposition of 
phase. The  fl ow from the bottom goes though the cell and reaches the top, and 
vice versa. Coherent motion is comparable to the cell height  L . The average veloc-
ity distribution along the  z -axis,  U ( z ), is approximately zero. The cell-center 
velocity changes its sign periodically, causing a sharp peak in the frequency spec-
trum (see  [  28  ] ). The  fl ow from the bottom wall does not always reach the opposite 
plate for   G   = 1. Around the top plate, the downward  fl ow is dominant, and the 
upward  fl ow sweeping the bottom reaches it occasionally. 

 Thus,  U ( z ) is positive at 0 <  z / L  < 1/2 and negative at 1/2 <  z / L  < 1. At the cell cen-
ter we can observe periodic change of the velocity direction, but it is not as clear as 
at   G   = 2. This observation is consistent with  fi nding that the spectral peak is not so 
sharp at   G   = 1 as at   G   = 2, and the normalized frequencies differ slightly  [  28  ] , possi-
bly because the  fl ow pattern or the wind differs depending on the aspect ratio. 

 Periodic oscillation is not observed at   G   = 0.5, as is clearly shown in the time–
frequency spectrum  [  28  ] . As indicated in the contour map (Fig.  5.26c ), the upward 
 fl ow is dominant around the top plate and the downward  fl ow is stationary over the 
bottom plate. The  fl ow sweeping the bottom (top) plate hardly reaches the top (bot-
tom) plate. Then,  U ( z ) is negative at 0 <  z / L  < 1/2 and becomes positive at 1/2 <  z / L  < 1. 
Thus, the distribution is opposite that of   G   = 1. It is also noted that the contour map 
is slightly tilted. In the lower half region (1/2 <  z / L  < 1), the contour has a negative 
slope, which means that a lump of  fl uid goes down on the centerline with almost 
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steady velocity. In the upper half region (0 <  z / L  < 1/2), the opposite motion, going 
upward on the centerline, is ascertained. To summarize, we conclude that the wind 
is across the  z -axis in the case of   G   = 1: this provides an elliptical pattern whose axis 
departs from the  z -axis with an angle of   q   (Fig.  5.27a ). However,   q   should  fl uctuate 
rather than be constant. If the upper region is populated by plumes, the wind circula-
tion shifts down and the downward velocity is monitored at the cell center.  

 When the plumes from the lower plate become strong, upward velocity is observed 
at the cell center. The plumes are repeated alternatively. The time lag between these 

two states is     
c

L

U
≅t   , and the frequency peak is given by     1

cf ≅
t

  . This is the process 

of velocity oscillation observed in this experiment. The mean velocity at the side wall 
 V  

 W 
  is constant even if these oscillations occur. When the  fl ow pattern rotates in the 

azimuthal direction,  V  
 W 
  reverses. However, we still have little information about the 

origin of azimuthal rotation and the reverse period of  V  
 W 
 . 

 The  fl ow pattern of   G   = 0.5 is shown in Fig.  5.27b . Following the discussion of 
the contour map in Fig.  5.26c , a lump of  fl uid moves on the centerline. It goes 
upward in the upper half region, and downward in the lower half, so we imagine that 
the axisymmetric toroidal rings exist steadily near the upper and lower plates. 
A similar tilted contour map has been observed up to  Ra  = 7 × 10 10 . At the cell center, 
the upward and downward  fl ows exist alternatively, but they are not periodic. Thus, 
there is little coupling between top and bottom plumes  [  27  ] . 

  Fig. 5.26    Contour of instantaneous velocity  fl uctuation on the centerline of the cell. ( a )   G   = 2. 
( b )   G   = 1. ( c )   G   = 0.5  [  28  ]  (Copyright (2006) by The American Physical Society.)       
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 Figure  5.28  shows the joint probability density functions (jpdf) of velocity and 
temperature, whose axes are normalized by their average and standard deviation. 
The  fl ow in   G   = 0.5 has a strong negative correlation with temperature  fl uctuation. 
The upward  fl ow carries the warm temperature bolus, and downward  fl ow (Fig.  5.28a ) 
is wrapped in the cold temperature. The correlation coef fi cient is approximately 0.5 
and does not show the strong  Ra  number dependence. Neither velocity nor tempera-
ture  fl uctuation has periodic oscillation; therefore, the  fl ow from the bottom (top) 
with warm (cold) temperature passes the cell center at  random  [  29  ] .  

 In the case of   G   = 1, there are also the upward and downward  fl ows, which cor-
respond to the double peak on the vertical axis in the jpdf (Fig.  5.28b ). On the other 
hand, the temperature  fl uctuates in a wide range, which looks Gaussian like. 
Calculating the correlation coef fi cient, it is almost zero independent of  Ra   [  29  ] . 
Therefore, it is said that there is no relationship between velocity and temperature 
 fl uctuations. Although the  fl ow at the cell center indicates periodic oscillation, we 
could not determine a clear peak frequency in the temperature  fl uctuation. Therefore, 
the warm (or cold) plumes spread around the cell center, or the lumps of warm (or 
cold) temperature do not survive within the LSC. This condition is different from 
the observation in a large-Pr-number working  fl uid, such as water, in which the 
temperature shows weak periodic oscillation at the cell center. For   G   = 2 (Fig.  5.28c ), 
the  fl ow becomes more complicated. The jpdf shows a local peak in each quadrant, 

  Fig. 5.27    ( a ) Elliptical  fl ow pattern of   G   = 1. ( b ) Flow pattern of   G   = 0.5  [  28  ]  (Copyright (2006) by 
The American Physical Society.)       
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which means that the upward  fl ow carries both the warm and cold  fl uid lumps, and 
also the downward  fl ow has the same trend. The frequency spectra in both velocity 
and temperature show a clear peak depending on the Rayleigh number. Therefore, 
the upward  fl ow and downward  fl ow reverse periodically, and they carry the warm 
and cold lumps alternatively. There may be several rolls in the cell. It is not easy to 
estimate the  fl ow patterns at this stage. 

 We show, in Fig.  5.29 , the energy spectral density  E ( k ) directly calculated from 
the results of the multipoint velocity measurements. Measurements were performed 

  Fig. 5.28    Joint probability density functions of velocity and temperature  fl uctuations at cell center. 
( a ) Aspect ratio   G   = 0.5,  Ra  = 3.26 × 10 8 . ( b ) Aspect ratio   G   = 1,  Ra  = 3.71 × 10 7 . ( c ) Aspect ratio   G   = 2, 
 Ra  = 3.63 × 10 6 . The vertical axis is velocity in  z -direction and the horizontal axis is temperature. They 
are normalized by their standard deviation (reprinted from  [  29  ]  with permission from Elsevier)       

  Fig. 5.29    Energy spectral density  E ( k ) calculated by subtracting the mean pro fi le (°) and the  fi rst two 
POD eigenmodes in addition (×). By  fi tting,   b   = −2.15 ± 0.02 and −2.22 ± 0.02 are obtained for  E ( k ) ¥ 
 k    b    for the two cases.  Arrow  indicates the lateral resolution.  Inset:  Frequency power spectra  P ( f ) at  z  = 0, 
50, …, 250 mm (from  bottom  to  top )  [  27  ]  (Copyright (2004) by The American Physical Society)       
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over three different  z  ranges of 127 × D z  with D z  = 3.62, 2.17, and 0.72 mm. In each 
measurement, the center of the range is set at  z  =  L /2 and 10,240 pro fi les were sam-
pled. Data from the three  D  z  overlap each other in Fig.  5.29  (the arrow indicates the 
transverse resolution)  [  27  ] .  

 To avoid a bias from the mean pro fi le  W ( z ), we subtracted it from each measure-
ment and calculated  E ( k ) (circles). To be more careful we subtracted the slow 
dynamics caused by the  fi rst two POD eigenmodes together with the mean pro fi le 
(crosses). For both plots, there exists a scaling range in which the power law  E ( k )¥ 
 k    b    holds. By  fi tting,   b   = −2.15 ± 0.02 and −2.22 ± 0.02 were obtained for the circles 
and the crosses, respectively. Both are close to −11/5 derived in Bolgiano–Obukhov 
theory for thermal turbulence (represented by the solid line in Fig.  5.29 ), which is 
distinct from −5/3 for the isotropic case. Historically the frequency power spectra 
 P ( f ) have been calculated from local time series  [  27  ] . In the inset of Fig.  5.29  we 
show  P ( f ) at positions located every 50 mm along the  z  axis, = 0, 50, …, 250 mm, 
together with power laws with exponents of −11/5 (dashed line) and −5/3 (dotted 
line) for comparison. Each  P ( f ) was calculated from the velocity time series consist-
ing of 10,240 samples. The slope of  P ( f ) changes with the position. At  z  = 0 mm, the 
slope is −2.14 ± 0.03, which is close to −11/5. However, at the cell center  P ( f ) has no 
relationship to  E ( k ) because the mean velocity  W ( z ) is zero. At  z  = 250 mm, the slope 
is −1.72 ± 0.02. Here the  fl uctuation-to-mean ratio  W ( z )/  s   remains near 1; thus, 
Taylor’s hypothesis is not valid in turn. Then,  P ( f ) is different from  E ( k ) in thermal 
turbulence  [  27  ] .   

    5.2.2   Suppression of Oscillatory Convection 
by a Horizontal Magnetic Field 

 Liquid metals are characterized by low viscosity with high thermal conductivity, 
that is, low Prandtl number, and their behavior in thermal convection is very differ-
ent from the convection of water and gases (Prandlt number ~1). In addition, liquid 
metals have high electric conductivity. Electric currents are induced in the liquid 
metal  fl owing in the magnetic  fi eld, which generates Lorentz forces. The Lorentz 
force in turn deforms the  fl ow behavior, making the  fl ow very different from non-
magnetic  fi eld situations. The study of liquid metal convection is important not only 
for fundamental  fl uid mechanics but for both engineering and geoscience applica-
tions. However, the usual optical methods for  fl ow measurements cannot be applied 
to observe  fl ows in liquid metal. Most experimental studies on liquid metal convec-
tion have focused on the measurement of the heat transport of the system (Nusselt 
number) and the temperature  fl uctuations at different points in the  fl uid layer related 
to turbulence. Here we introduce an experiment on thermal convection of a liquid 
metal with an applied magnetic  fi eld, in that UVP is used to visualize the  fl ow 
 structure and its time variation. We use gallium as a liquid metal, because its melt-
ing temperature is 29.8°C and it is easy to handle. 
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 Figure  5.30  shows the vessel for the liquid gallium convection under a vertical 
temperature difference. A horizontal magnetic  fi eld is applied by a Helmholtz coil 
system. The inside measurements of the vessel are 200 mm long, 50 mm wide, and 
50 mm high. The lines of measurement for UVP are set along the long horizontal 
direction of the vessel, as indicated by “ultrasonic beam,” and the projected compo-
nent of the  fl ow velocity on this line is measured. Further details of the experiment 
are provided in references  [  26,   30–  32  ] .  

 We show in Fig.  5.31  the visualization of the  fl ow pattern associated with abrupt 
increase of an applied magnetic  fi eld. In this experiment,  Ra  is 1.3 × 10 5 . Temporal 
variations of the  fl ow pattern is shown in the top panel, and temperature  fl uctuations 
at the same duration measured by thermistors are shown in the bottom panel. The 
UVP data indicate that there exist four oscillatory rolls of convection in the duration 
of no magnetic  fi eld (from 0 to 250 s). A typical timescale of this oscillatory motion 
(~30 s) is comparable to the circulation time of the  fl ow for a roll. As the ultrasonic 
beam line is set near the bottom of the vessel, the sign of the velocity pro fi le tells us 
that the structure of the  fl ow pattern has downwelling regions at both side walls and 
at the center, with upwelling regions around 50 mm and 160 mm; this is consistent 
with the measurement of temperatures, that is, the temperature at thermistor 2 (near 
the center) is lower than that of 1. The timing and amplitude of the temperature 
 fl uctuations correlate well with the  fl uctuation in the  fl ow pattern recorded by the 
UVP and indicate that the oscillatory behavior of the  fl ow induces temperature 
 fl uctuations. The UVP data also show that, when a horizontal magnetic  fi eld of 
 Bh  = 18 mT is applied, the pattern keeps a four-roll but the oscillation disappears and 
the  fl ow assumes an almost two-dimensional steady state. The amplitude of the 
temperature  fl uctuations also decreases drastically, indicating that the axis of the 
roll structure is aligned in the direction of the applied magnetic  fi eld and that an 
almost steady state of  fl ow is realized. The observed suppression of  fl uctuations and 
alignment of roll axis under a horizontal magnetic  fi eld is consistent with theoretical 
studies  [  32  ] . We can reconstruct a three-dimensional (3-D)  fl ow structure from the 
UVP measurements at several positions (Fig.  5.32 ).   

 As shown here, measurement of  fl ow velocity by UVP can provide much infor-
mation on the behavior of a  fl ow. In this case of thermal convection in a liquid metal, 

  Fig. 5.30    Side view of the vessel       

 



1375 Practical Applications

simultaneous measurements of temperature at several points and UVP are very 
cooperative. Thermistors have much more resolution on temperature than that of 
velocity by UVP; hence, it is appropriate for the statistical character of turbulence. 
On the other hand, UVP plays a key role for catching global structure with its time 
variations.  

    5.2.3   Measurement of Liquid Metal Flow in Nuclear Facilities 

    5.2.3.1   Background 

 The study and development of the technology for the purpose of protecting the 
environment as a modern international trend are enforced. Among these, from the 

  Fig. 5.31    Flow pattern by the UVP ( top ), and temperature  fl uctuations by thermistors ( bottom ), 
for the same duration (adapted with permission from  [  31  ] . Copyrighted by the American Physical 
Society.)       
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point of view of global warming measures, nuclear power generation comes into the 
limelight as a source of “clean energy” that does not exhaust carbon dioxide at the 
time of operation. However, nuclear power generation produces nuclear waste, 
which is extremely harmful to the environment, with power generation. Establishment 
of a complex system including processing and disposal of the nuclear waste is 
required to use atomic energy as a source of clean energy. 

 Research and development of this processing and disposal has not progressed 
suf fi ciently. The reasons include technical problems as well as anxiety about safety 
and radioactive waste. In the study of disposal of waste from a nuclear system are 
included research and development of the technique using the fast breeding reactor 
“Monju” and the accelerator-driven system (ADS). Monju uses sodium cooling, and 
ADS adopts a cooling system using the lead bismuth eutectic (LBE) alloy as a spal-
lation neutron source. In these systems, optimization of the system for high ef fi ciency 
and securing the safety of the whole system are required. To solve these problems, 
evaluation of the properties of heat transfer and the measures of erosion and corro-
sion of materials is required. Therefore, it is urgent to understand the  fl ow behavior 
of the coolant  [  33–  35  ]  that is closely related to heat transfer and erosion/corrosion. 
Erosion/corrosion by the heavy liquid metal begins with the embrittlement of mate-
rials, including their chemical characteristics, and the phenomenon in which the 
embrittled materials are eroded locally is promoted by a  fl ow. The erosion/corrosion 
of the materials is con fi rmed at the region having disturbed  fl ows such as  downstream 

  Fig. 5.32    Schematic view of the behavior of the convective  fl ow (adapted with permission from 
 [  31  ] . Copyrighted by the American Physical Society.)       
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from an elbow section or an ori fi ce. However, because the depth of erosion/
corrosion is inconsistent with the occurrence region, grasp of the causative  fl ow 
behavior has been required. In past studies, some predictive analysis of the liquid 
metal  fl ow by computational  fl uid dynamics (CFD) including the evaluation of the 
properties of heat transfer has been performed. 

 However, different results were reported by each turbulence model used. 
Therefore, veri fi cation of the analysis results by the expansion of velocity data given 
by the experimental measurement and the precision improvement of the predictive 
calculation are necessary. In addition, in ADS developed in Europe, a windowless 
target system where there was no solid–liquid boundary at the position of a beam 
incidence was con fi rmed. One of the technical problems includes the freely interfa-
cial control that is a beam window, and grasp of the true  fl ow ground by experimen-
tal measurement is regarded as important. In this system, because the control of free 
surface of the coolant that acts as a beam window is one of the technical problems, 
it is important to grasp the actual  fl ow behavior by experimental measurement. 
However, past experimental measurement of liquid metal  fl ow has been limited to a 
temporary method that predicted velocity information by measured temperature 
distribution. The general heavy liquid metal was opaque. Furthermore, except mer-
cury or liquid gallium, the liquid metal used as a coolant for the nuclear system has 
a high melting point and is used under high-temperature conditions. Practically, the 
velocity measurement technique in liquid metal  fl ow is limited to neutron radiogra-
phy (NRG) and UVP. In  fl uid measurement, NRG is a section measurement method 
as is PIV, and it brings much useful information from the  fl ow  fi eld. On the other 
hand, it has some problems: sectional extraction is dif fi cult, and the tracer particles 
suspended in the  fl owing medium are large. Because the device is very complicated 
to use and huge under the present conditions, it lacks in versatility and convenience. 
The use of NRG for measurements in idealized systems such as laboratories is 
appropriate. UVP acquires less information about the  fl ow  fi eld than NRG, but its 
versatility is high and it could expect application to  fl ow measurements in actual 
system. A measurement example that applied UVP to actual liquid metal  fl ow in 
high temperature conditions is shown in the following subsection.  

    5.2.3.2   Spallation Target Model and Measurement Con fi guration 

 Figure  5.33  shows a schematic illustration of the mock-up model (JAEA lead 
bismuth loop-2, JLBL-2) of a spallation target (target test facility, TEF-T). This 
loop has an annular  fl ow channel constructed by a coaxially arranged double cylin-
der. The diameter of the inner cylinder was 35.5 mm and that of the outer cylinder 
was 63 mm. In consideration of erosion/corrosion, SUS316 stainless steel was 
adopted as the main material. LBE  fl ow in the annular region that has a gap of 3 mm 
between two cylinders was driven by an electromagnetic pump (EMP), and  fl ow 
rate was observed by an electromagnetic  fl ow meter (EMF). Because the inner cyl-
inder was made of iron, and it forms a saturated magnetic  fi eld, the EMP could drive 
only LBE in the annular region. The  fl ow joins in the inside of the bend section, then 
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turns over and returns to an expansion tank through the inside of an inner cylinder. 
The total length of the loop is 1,504.5 mm. The inventory of LBE was 20 l, and the 
maximum  fl ow rate was about 40 l/min. Maximum temperature was 250°C. In the 
design of an actual spallation target, because a proton beam is striking the bend sec-
tion, which functions as a beam window, the properties of heat  fl ux motion around 
the beam window are extremely important   . As a result of CFD analysis (shown in 
Fig.  5.34 ), stagnant  fl ow was formed in the inside of the center of a window where 
the incident point of the proton beam was, and it was expected that the cooling per-
formance decreased remarkably. Therefore, the actual LBE  fl ow was measured by 
UVP to verify the result of present CFD analysis by the velocity information given 
by the experiment. UVP-Duo (Met-Flow S.A.) was used for a measurement system, 
and the ultrasonic transducer of the heat-resistant model (Japan Probe) was used for 
the emission/reception of the signals. The basic frequency of the transducer was 
4 MHz. The temperature of LBE was set to 150°C constant, because the maximum 
temperature of the transducer was 150°C. The argon gas bubbles that were supplied 
from a gas addition device installed in the expansion tank was used for the re fl ecting/
scattering particles of the ultrasonic signals. In the  fl ow measurement of the heavy 
liquid metal, it is appropriate to use solid metal particles that have speci fi c gravity 

  Fig. 5.33    Schematic illustration of    JAEA lead bismuth loop-2 (JLBL-2)       

  Fig. 5.34    Result of CFD analysis for beam window of spallation target       
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in accord with the  fl owing medium. However, as for the use of the solid particles, 
there are some problems such as damage of the  fl ow channel and method of remov-
ing the used particles. Therefore, in the actual model, it is desirable to use the micro 
gas bubbles that can be removed easily by the vent system. The beam window has a 
spherical shape and is 3.5 mm thick. The left side of Fig.  5.35  is a front view of the 
beam window. The measurement position is located at the center of the window 
sphere, and eight points (A–H) on an arc have this point as their center. The radius 
of this arc is 14 mm, and measurement positions are located at every 45°. As well, 
the ultrasonic transducer is installed perpendicular to the surface of the window 
sphere as a countermeasure to prevent the refraction phenomenon of the ultrasonic 
signals that is caused at the wall surface of the window sphere.     

    5.2.3.3   Measurement Results of Actual LBE Flows 

 Figure  5.36  shows the measurement results on the centerline by changing the velocity 
conditions in the annular region. In this  fi gure, the horizontal axis represents the 
measured position and corresponds to the distance on the centerline, assuming the 
edge of the loop as the origin. The vertical axis represents averaged velocity data; 
that is, the number of averaged velocity pro fi les is 1,024. The averaged velocity 
conditions in the annular region were set to four phases ( U  

1
  = 0.25,  U  

2
  = 0.50, 

 U  
3
  = 0.75,  U  

4
  = 1.00 m/s). Under all velocity conditions, in the averaged velocity 

pro fi les provided by this experiment, the velocity data show zero data from the posi-
tion of starting measurement to around the distance of 15 mm. At the inner wall 
surface around the beam window, the LBE  fl ows coming from annular region col-
lide with each other. Therefore, a local stagnant region is formed near the center of 
the edge of the loop. It is thought that this result represents a stagnant region of the 
LBE  fl ow that extends around 15 mm from the inner wall surface at the center of the 
window. Even if the LBE  fl ow rate in JLBL-2 increases, the formation of this stag-
nant region could not be avoided. When a proton beam is incident in the JLBL-2, 
countermeasures apart from increasing the LBE  fl ow rate are necessary; further, it 

  Fig. 5.35    Experimental con fi guration of the measurement line on the window sphere       
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is thought that this dead region interferes with the cooling of the target model loop. 
Also, velocity rises suddenly and decreases slowly after it reaches the maximum 
velocity. The location of the maximum velocity was 22–38 mm. By increasing the 
velocity conditions, the maximum velocity pro fi les show a proportional relation-
ship. However, in the downstream side after maximum velocity, the tendency of the 
velocity decrease did not have a proportional relationship. By CFD analysis (cf. 
Fig.  5.34 ), it is predicted that the recirculation region was formed on the surface of 
the inner cylinder from its edge. When a recirculation domain exists stably, the LBE 
 fl ow will be accelerated because the  fl owing width is narrowed arti fi cially. The mea-
sured result shows the process that velocity gradually decreases after LBE  fl ow 
passed this recirculation region. Figure  5.37  shows a color density plot of the data 
set on the space-time domain. The velocity condition was  U  

1
 . The horizontal axis 

shows the time, and the vertical axis shows the distance on the centerline of JLBL-2. 

  Fig. 5.36    Averaged velocity pro fi le at the centerline of JLBL-2, where velocity conditions are 
 U  

1
  = 0.25,  U  

2
  = 0.50,  U  

3
  = 0.75,  U  

4
  = 1.00 m/s       

  Fig. 5.37    Space–time representation of the time-dependent one-dimensional velocity pro fi le, 
where velocity condition is  U  

1
  = 0.25 m/s       
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The color shows the velocity. In this  fi gure, almost all velocity data are positive. 
It is observed that there occurs a spatiotemporal oscillation in the measured area 
after the distance of 40 mm. The velocity data show an oblique line that appears 
periodically in time. Because the obstacle did not exist on a measurement line, these 
lines show the motion of a  fl uid volume moving on the measurement line. A moving 
velocity of this volume that calculated by the inclination of the velocity stripes is 
about 2.3 mm/s, and it is equivalent to about half of maximum velocity (0.5 m/s). 
It is thought that this  fl ow structure is eddies that discharged from the recirculation 
region that moved along the centerline. By the result of present CFD analysis, it was 
predicted that the  fl ow in this loop had an axsymmetric  fl ow. Because the mock-up 
loop was installed horizontally, gravity did not act on axsymmetry for the structure 
of the  fl ow channel. In addition, it was expected that the  fl ow around the beam had 
a complicated  fl ow structure because it was very dif fi cult to make a uniform  fl ow in 
the annular region. To con fi rm the three-dimensional  fl ow structure, the velocity 
pro fi les on eight measurement lines that surrounded the center of the window 
(cf. Fig.  5.35 ) were measured by UVP.   

 Figure  5.38  shows the measured results and a quasi-three-dimensional  fl ow 
structure in JLBL-2. The horizontal axis shows the distance on an inclined measure-
ment line from the inner surface of a window, and the vertical axis shows the aver-
aged velocity. Almost all these velocity pro fi les show zero velocity between 5 and 
8 mm from the start position, and this range was the stagnant region around the 

  Fig. 5.38    Measurement results from the surrounding points of A–H       
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beam window in JLBL-2. In the velocity condition of  U  
1
 , the  fl ow structure around 

a beam window was symmetric in the horizontal direction. However, it was not 
symmetric in the gravity direction. The averaged velocity pro fi les of the upper side 
(D, E, F) were faster than those of the lower side (A, B, H). The velocity pro fi les of 
the lower side changed from negative to positive continually. These data show the 
formation of the roll-shape vortex existing constantly. The symmetric  fl ow structure 
for the horizontal direction was kept at velocity less than  U  

2
  = 0.5 m/s. At  fi rst, in the 

case of velocity conditions greater than  U  
3
  = 0.75 m/s, the symmetry of C and G col-

lapsed. In the velocity condition of  U  
4
  = 1.00 m/s, the symmetry of the other region 

collapsed, and it was con fi rmed that a  fl ow having a complicated three-dimensional 
structure was formed around the beam window.   

    5.2.3.4   In fl uence of Wettability in UVP Measurement 

 By the predictive calculation, the maximum temperature of a beam window was 
about 500°C in the actual condition of ADS. In this temperature condition, wettabil-
ity between LBE and the materials is improved by the effects of corrosion and beam 
irradiation. In the present experimental measurement, the temperature was set to a 
low temperature condition around the melting point of LBE because of the 
maximum temperature of the transducer. In past studies of the erosion/corrosion 
caused by LBE, most of the in fl uence of the corrosion was not observed at 150°C. 
Therefore, it was expected that the wettability between LBE and the stainless steel 
was insuf fi cient at the low temperature condition. When wettability was not 
suf fi ciently secured, it would be necessary to change the boundary condition in the 
solid–liquid boundary for predictive calculations. In addition, this phenomenon has 
a bad in fl uence on  fl ow measurement by the UVP system. Figure  5.39  shows an 
example of UVP measurement in a poor wetting condition between LBE and a 
beam window of JLBL-2. In this  fi gure, the velocity condition was  U  

3
  = 0.75 m/s 

and the temperature was set to 150°C. In comparison with Fig.  5.36 , the velocity 
pro fi le drops extremely at the measurement positions of 30 mm and 40 mm. This 
dropping velocity pro fi le was often observed at the position where the measurement 
line contacts with an obstacle. However, as shown in Fig.  5.35 , because there is no 
obstacle on the measurement line, it is thought that this result includes the wrong 
information. When the wettability between LBE and the inner wall of the vessel is 
insuf fi cient, a part of the ultrasonic burst signal from a transducer propagates the 
inside of vessel while repeating a re fl ection, because the signal cannot pass to LBE 
in a solid–liquid boundary. Subsequently, the signal is re fl ected in the edge of the 
container and produces a strong re fl ection echo. In the case of the introduced exam-
ple about JLBL-2, a  fl ange for  fi xation is equivalent to the edge of the vessel. As a 
result of having calculated the distance using the sound velocity of SUS316 stain-
less steel (5,790 m/s) and the detection time of the echo observed by an oscillo-
scope, it accorded with the distance from a transducer to a  fl ange. Because the 
re fl ection echo from a metal vessel is very much stronger than the feeble echo from 
the  fi ne particles in the  fl owing medium, the decline of the S/N ratio is not avoided 
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at the position. Usually, the solid wall is  fi xed, and the movement velocity becomes 
zero. As a result, the result shown in Fig.  5.39  was provided because the velocity 
information of the solid wall that did not move was accumulated to the speed-
measured velocity pro fi le. As well as the case that wettability is insuf fi cient, the 
measurement person should be careful about the in fl uence of the re fl ected signals 
that propagate in a vessel. Therefore, the monitoring of the state of  echo  and 
 measured velocity pro fi le  is important. In the introduced result shown in 
Sect.  5.2.3.3 , the problem of wettability was improved. The inner surface of a beam 
window was treated by polishing,  fl atting, and  fi nally coating with nickel and solder. 
LBE and nickel have good wettability. As the thickness of the coating layer was 
consistently less than 20  m m, this layer does not disturb the LBE  fl ow.   

    5.2.3.5   Summary 

 Acquisition of data verifying the results of the predictive calculations and  fl ow behav-
ior that was not predicted by CFD analysis was possible by UVP measurement. 
Therefore, it is thought that UVP is a measurement technique that can be applied to the 
measurement of heavy liquid metal  fl ow at a high temperature condition. On the other 
hand, because of the heat-resistant problem of the ultrasonic transducer, there are still 
few examples in the actual environment. In the development of the heat-resistant trans-
ducer, Eckert et al.  [  36–  38  ]  succeeded in measurement at temperatures greater than 
500°C by using an acoustic waveguide. In addition, transducer development is being 
pushed forward by some makers. Recently, in the study and development of nuclear 
systems, measurement and control of the  fl owing coolant are regarded as an important 
issue to ensure safety. Data acquisition by experimental measurements is required to 
realize veri fi cation and improvement of precision of predictive calculations. In addi-
tion, metallic materials are usually used for the cooling system ducts, even transparent 
 fl uids such as supercritical water are used, to endure high temperature and high pres-
sure conditions. To secure the safety of the system, in addition to a predictive calcula-
tion, it is important that the internal  fl ow is con fi rmed by an experimental measurement 
beforehand. In such a scenario, UVP is an extremely effective method because it can 
realize  fl ow measurements regardless of the transparency of the vessel.    

  Fig. 5.39    Measurement 
example at poor wetting 
condition       
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    5.3   Rheometry 

    5.3.1   In-line Rheometry 

 The monitoring of production processes in chemical and food engineering is impor-
tant to control the quality of products. The process governs the microstructure of the 
product, which determines the rheological and other properties. The noninvasive in-
line rheometry concept, based on the combination of the pulsed ultrasound (Doppler)-
based velocity pro fi le (UVP) technique and pressure drop (PD) measurements in a 
pipe section was developed to characterize the rheology of non-Newtonian models, 
fat and nucleated fat crystallization, and  fi ber and other suspensions during  fl ow 
under different production processes  [  39–  46  ] . This method enables determination of 
in-line rheological properties such as shear rate-dependent shear stress and viscosity, 
which can be compared with those measured with an off-line laboratory rheometer. 
The UVP + PD technique was also used for pipe  fl ow of opaque particle suspensions 
 [  47  ] , droplet dispersions, and aqueous solutions of polymers  [  39,   48,   49  ] . The non-
Newtonian model suspensions, and food and other suspensions, are considered in 
Sect.  5.3.1  and   6.2    , respectively. 

 The basic idea of ultrasonic in-line rheometry described here is the use of the 
in fl uence of the shear rate-dependent viscosity on the shape of the laminar pipe  fl ow 
velocity pro fi le. A simple example should help to explain this. The left part of 
Fig.  5.40  shows the rheological behavior of two different power law  fl uids. The 
power law (see Sect.  5.3.1.5 ) can be used to approximate the  fl ow behavior of many 
non-Newtonian liquids relevant to the food and chemical industries. The special 
case of a power law index  n  = 1 describes a Newtonian liquid such as pure water or 
oil. The corresponding velocity pro fi le for a laminar  fl ow, shown in the right part of 
Fig.  5.40 , is then parabolic. If the  fl uid is shear thinning ( n  < 1), a typical property of 
many suspensions and polymers, viscosity decreases with shear rate. Then, the 

  Fig. 5.40    Relationship of shear rate-dependent viscosity ( left ) and the corresponding fully 
developed velocity pro fi le in a laminar, stationary pipe  fl ow for two power law  fl uids (  h   =  K  g.    n −1 ). 
   The volume  fl ow rate of the two pro fi les is equal       
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 corresponding velocity pro fi le has a blunted shape, as also shown in the right part of 
Fig.  5.40 . The concept of UVP-based in-line rheometry is the use of the shape of the 
measured  fl ow velocity pro fi le in combination with pressure drop measurements to 
derive rheological information about the  fl uid.  

    5.3.1.1   Measurement Setup 

 A minimal UVP + PD setup consists of a straight pipe section with an ultrasound 
transducer and two pressure sensors (either absolute or differential). The pipe section 
should be long enough to allow the  fl ow to be fully developed, with no in fl uence from 
the closest bends. It can be helpful to integrate temperature sensors, a  fl ow meter, or 
other auxiliary measurements depending on the process. The entry lengths for a fully 
developed  fl ow pro fi le have to be considered. It is also important to avoid pipe diam-
eter changes or other irregularities of the pipe geometry, which could in fl uence the 
velocity pro fi le, for example, by introducing small eddies at the pipe wall.  

    5.3.1.2   Flow Adapter 

 The most critical part of the measurement section is the  fi xation of the ultrasound 
transducer in a so-called  fl ow adapter. At the time of writing there exist no com-
mercial solutions for the transducer mounting. The solutions presented in the litera-
ture range from transducers mounted outside the pipe and using a water bath for the 
coupling  [  39  ]  to specially designed transducers with a corresponding delay line 
matched to the pipe curvature. The individual solutions depend on many parameters 
such as temperature, pressure, pipe diameter, importance of a valid measurement in 
the wall region, and application type (laboratory setup or industrial process moni-
toring), to name just a few. Also the pressure  fi eld (especially the near- fi eld length) 
of the transducer and the acoustic properties (impedance, attenuation) of the wall 
material have to be considered  [  50  ] .  

    5.3.1.3   Electronics and Pro fi le Estimation 

 Most installations use the commercial velocity pro fi lers from Met-Flow or Signal 
Processing (both in Switzerland). It is also possible to use home-made pulser-
receiver electronics  [  51  ]  or devices originally developed for medical applications 
 [  39,   52  ] . 

 There are different signal processing approaches available to obtain the velocity 
pro fi le from the ultrasound signal. Most often used are time- and frequency-domain 
algorithms working with the demodulated I/Q data. Time-domain (cross-correlation) 
algorithms are used in the aforementioned commercial devices; fast Fourier trans-
formation (FFT) is often used in custom devices. FFT itself has the advantage to 
make the complete Doppler frequency distribution available, which simpli fi es the 
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detection of artifacts in the velocity pro fi le. The RheoFlow system presented by 
Wiklund et al.  [  49  ]  and Wassell et al.  [  46  ]  allows simultaneous velocity estimation 
using time domain, FFT, and spectral estimators.  

    5.3.1.4   Software 

 For meaningful data processing it is often necessary to write custom software with 
versatile functionality: (1) synchronized data acquisition from the ultrasound elec-
tronics, pressure sensors, and possibly other sensors such as thermocouples; (2) if 
necessary, velocity pro fi le estimation based on the radiofrequency (RF) or I/Q data 
from the ultrasound electronics (for real-time processing, often the data transfer is 
the bottleneck); (3) rheological calculations using the velocity pro fi le and pressure 
drop; and (4) visualizations. Such software  [  53  ]  is most useful if it can be used for 
a real-time visualization of a running process as well as post-processing based on 
stored measurement data  [  49  ] . Flowcharts describing the whole process from data 
acquisition to rheological model parameter estimation are presented by Ouriev  [  41  ] , 
Birkhofer  [  43  ] , Wiklund  [  44  ] , and Wiklund et al.  [  49  ] .  

    5.3.1.5   Non-Newtonian Fluid Models 

      Power Law Model 

 Consider the  fl ow of a non-Newtonian  fl uid in a cylindrical pipe of radius  R  and 
length  L . Equating the force 2 p  rL t   caused by the shear stress   t   at radius  r  of a cylin-
drical  fl uid element of length  L  to the force  p  r  2  D  P  from pressure drop  D  P  gives  [  54  ]  
the linear increase in shear stress   t   with radius  r  as

     2

P
r

L

Δ=t    (5.6   )   

 The relationship between the shear stress   t   and shear rate   g
.
      for a non-Newtonian 

 fl uid can be assumed to be given by power law:

     = � nKt g    (5.7  )  

where  n  is the power law exponent and  K  is the consistency index or viscous 
coef fi cient. 

 The shear rate is related to radial gradient of velocity  v  of  fl uid at radius  r  in the 
pipe as   g.   = −d v /d r . Thus, combining the foregoing two equations for the shear stress 
and integrating with the condition that  v  = 0 at  r  =  R  gives the radial velocity pro fi le 
for power law  fl uids:
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 Fitting the experimental data of the velocity pro fi le along the pipe radius with the 
corresponding pressure drop to this equation enables the determination of the power 
law constants  n  and  K , which can be used to predict the shear rate-dependent viscos-
ity   h   given by
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 The variation in shear rate and viscosity along the radius of the pipe can then be 
obtained as
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      Other Fluid Models 

 The same analysis can be made for other non-Newtonian  fl uids exhibiting Bingham 
and Herschel–Bulkley type of  fl ow behavior, for example  [  55  ] . As a result, several 
rheological models have been used in UVP + PD systems to determine the shear 
rate-dependent viscosity and for rheological model parameter estimation.   

    5.3.1.6   Gradient Method 

 As alternative to the aforementioned model  fi tting it is also possible to derive rheo-
logical information directly from the velocity pro fi le and pressure drop using the 
gradient method. It uses directly the gradient   g.   = − dv / dr  of the velocity pro fi les at 
different radial positions. The corresponding shear stress   t   is obtained using the 
pressure drop  D  P  so that   t   = ( D  P )/(2  L ). The latter approach has the advantage that it 
requires no a priori knowledge of the  fl ow behavior of the systems, but it also has 
the disadvantage of requiring high spatial resolution and high data quality (see 
Müller et al.  [  40  ]  and Wiklund and Stading  [  56  ] ).  
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    5.3.1.7   Limitations and Main Sources of Error 

 Results from many scienti fi c investigations have shown that the most important 
limitation and source of error with the UVP + PD method is that it is not possible 
to accurately measure from the transducer front because of the ultrasonic trans-
ducer near- fi eld. Historically, the transducers have been installed inside small 
cavities and pulled back from the liquid–wall interface in most of the recent pub-
lications on the UVP + PD method. This method results in, for example, non-zero 
velocities at the walls, accumulation of solids in the cavities, nonuniform particle 
distribution, and nonconstant sound velocity along the beam axis in front of the 
transducer. In addition, the determination of wall position becomes dif fi cult. As 
a consequence, a range of power law- fi tted parameters, for example, can be 
obtained just by varying the wall position in small increments, thus leading to 
inaccurate results  [  43,   44,   56  ] . This problem may be eliminated by the introduc-
tion of a next-generation transducer, which is currently under development 
 [  44,   46,   56,   57  ] . 

 Another problem is the dif fi culty in determining the velocity of sound along the 
beam axis and the physical limitation with the  fi nite diameter and length of the 
ultrasonic pressure  fi eld. The sample length and intensity are functions of the trans-
ducer characteristics, such as the diameter of the piezo, but also the pulse duration 
and energy dissipation after pulse emission is important. The resulting sample vol-
ume has a drop shape at the tail caused by transducer ringing or the gradual decay 
of the stored energy. The measured velocity pro fi le is always a convolution of the 
ultrasound pulse with the sample volume  [  58–  62  ] , which results in a distortion of 
the velocity pro fi le shape, especially toward the pipe wall. The deconvolution meth-
ods suggested in literature are often not directly applicable because the (depth-
dependent) pulse shape inside the  fl uid is not exactly known. Because of the 
in fl uence of the pressure  fi eld on the details of the shape of the measured velocity 
pro fi le, the derived rheological properties can be sensitive to ultrasonic parameters 
such as the transducer type, pulse length, ampli fi cations, and pulse frequency. 
Therefore, it is often easier to monitor dynamic changes of a system than to measure 
absolute values. 

 It is normal not to see an exactly zero velocity at the wall in most velocimetry 
techniques because of the  fi nite sampling volume mentioned before, although 
velocity data near the wall are expected to be very close to zero. The measured 
velocity pro fi le data near the pipe wall thus often appear to violate the no-slip 
condition and exhibit apparent wall slip. From a phenomenological standpoint the 
apparent velocity in the sampling volume element that includes the wall can be 
considered as the apparent slip velocity. In a few studies people have tried to use 
UVP + PD to determine slip velocity. For example, Dogan et al.  [  42  ]  investigated 
diced tomato concentrates and Ouriev  [  63  ]  investigated highly concentrated dis-
perse suspensions. However, because of the  fi nite size of the sample volume, it is 
dif fi cult to calculate the exact thickness of this layer and to determine wall slip 
using UVP + PD.  
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    5.3.1.8   Application Examples 

 The noninvasive UVP + PD method allows measurements not possible with 
 common rheometers, such as instantaneous radial velocity pro fi les and yield stress 
directly in line. Furthermore, it has advantages over commercially available process 
rheometers and off-line instruments in being noninvasive, applicable to opaque and 
concentrated suspensions, and having small sensor dimensions and relatively low 
cost. An overview of the investigations on UVP + PD measurements carried out by 
several research groups and the potential of the methodology for industrial applica-
tions is given below. 

 The UVP + PD methodology has been successfully applied to a range of model 
and industrial  fl uids and suspensions for rheological characterization in line. Some 
early investigations by Müller et al.  [  40  ]  and Wunderlich and Brunn  [  64  ]  focused on 
simple Newtonian model systems such as glycerine/water solutions and non-New-
tonian aqueous polyacrylamide solution, hydroxypropyl guar gum solution  [  40  ] . 
The main objective of the aforementioned studies was to show proof of concept and 
that the UVP + PD method is a promising new methodology for process monitoring 
and control. 

      Shear-Thickening Suspensions 

 Ouriev  [  41  ]  and Ouriev and Windhab  [  65  ]  used the UVP + PD method and investigated 
shear-thickening model suspensions of 40% wt cornstarch particles in water-diluted 
50% wt glucose syrup during steady  fl ow in a 23-mm-diameter pipe. Their measured 
velocity pro fi les at different volume  fl ow rates are shown (symbols) in Fig.  5.41a . They 
 fi tted the experimental velocity pro fi les to the non-Newtonian power law model with 

  Fig. 5.41    ( a ) Velocity pro fi les of pressure-driven shear  fl ow experiments ( symbols ) at different 
volume  fl ow rates of shear-thickening suspension of 40% wt starch in water-diluted 50% wt glu-
cose syrup.  Solid lines ,  fi tted. ( b ) Shear rate-dependent viscosity determined from pressure-driven 
shear  fl ow experiments (in-line UVP and shear stress measurements) compared with that measured 
using drag shear  fl ow off-line rotational rheometer for the aforementioned shear-thickening sus-
pension. (Replotted from the results of Ouriev  [  41  ]  and Ouriev and Windhab  [  65  ] )       
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 fl ow index  n  combined with the slip velocity at the pipe wall (solid lines). In general, 
 n  > 1 for shear-thickening suspensions. They showed that, as the maximum  fl ow veloc-
ity of the velocity pro fi le increased, the  fl ow index  n  decreased while the wall slip 
velocity increased. However, the wall slip velocity was found to decrease after the 
Newtonian  fl ow index  n  = 1 was attained. The variation in viscosity with shear rate 
computed with the power law model using the velocity pro fi les and pressure drops 
(with and without wall slip corrections) is compared (Fig.  5.41b ) with that measured 
using off-line rotational rheometer (drag shear  fl ow). The viscosity decreases as the 
shear rate increases from about 0.1 to 2 1/s, and then viscosity increases as the shear 
rate increases until about 300 1/s. Thus, the suspension can be seen to be shear thinning 
and shear thickening, respectively, in these two shear rate ranges. The radial velocity 
gradients of velocity pro fi les increase with increase in volume  fl ow rate and pressure 
drop, which decreases the power law exponent  n . The viscosity predicted by power law 
model using the in-line UVP + PD method was close enough to that measured using an 
off-line rheometer over about 3 to 10 1/s shear rate range, while a difference at higher 
shear rates was observed. The authors proposed that these differences were the result 
of viscoelastic properties of shear-thickening suspensions.   

      Shear-Thinning Suspensions 

 Most industrial  fl uids exhibit shear-thinning behavior, that is, the viscosity decreases 
with increasing shear rate. The UVP + PD method has therefore been used in a num-
ber of studies for measuring instantaneous velocity pro fi les and rheological behav-
ior of shear-thinning model and industrial suspensions. 

 Figure  5.42a  shows the experimental velocity pro fi les for a model of concen-
trated shear-thinning suspension of 30% cornstarch particles (20  m m average 
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  Fig. 5.42    ( a ) Velocity pro fi les of pressure-driven shear  fl ow experiments at different volume  fl ow 
rates of shear-thinning suspension of 30% wt of starch in silicon oil AK50. Comparison of average 
measured ( symbols )  fl ow velocity pro fi les V with those  fi tted by the power law ( solid line ). 
( b ) Shear rate-dependent viscosity determined (envelope  fi t,  closed squares ) from pressure-driven 
shear  fl ow experiments (in-line UVP and shear stress measurements) compared with that measured 
using drag shear  fl ow ( open squares ) experiments (off-line laboratory rotational rheometer) for the 
aforementioned shear-thinning suspension. The  solid line  corresponds to the power law- fi tted vis-
cosity function. (Replotted from the results of Ouriev  [  41  ]  and Ouriev and Windhab  [  65  ] )       
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 diameter) in silicon oil (AK50) during steady  fl ow at different volume  fl ow rates in 
a 23-mm-diameter pipe investigated by Ouriev  [  41  ]  and Ouriev and Windhab  [  65  ] .  

 The investigated suspension was Newtonian at low solid fraction, with a power 
law index  n  equal to 1. The power law index decreased as the solids concentration 
increased. The velocity pro fi le of shear-thinning suspension was more  fl attened at 
the center of the pipe and steeper at the sides at low volume  fl ow rates. The compari-
son between the shear rate-dependent viscosity results  [  41,   65  ]  of pressure-driven 
shear and drag (off-line rheometer) shear  fl ow experiments are shown in Fig.  5.42b . 
It can be seen that the viscosity decreases as the shear rate increases from about 1 to 
100 1/s, thus representing the suspension to be shear thinning. Here the viscosity 
predicted by the power law model using an in-line UVP velocity pro fi le at higher 
volume  fl ow rate with the corresponding pressure drop agrees reasonably well with 
that measured using an off-line rheometer over the same shear rate range. 

 Other shear-thinning  fl uids such as viscoelastic surfactant solutions (shampoo 
and body lotion) have also successfully been characterized in-line during steady 
laminar  fl ow in a pipe using the UVP + PD method  [  55,   66  ] . 

 The shear rate-dependent viscosity predicted by the power law model using the 
values of the exponent  n  and constant  K  obtained by  fi tting the velocity pro fi les 
agreed well with that measured using an off-line Anton Paar rheometer  [  55  ] . A few 
groups have also studied various shear-thinning slurry suspensions, for example, 
Powell and Pfund  [  67  ]  and Kotzé et al.  [  68  ] .    

    5.3.2   Transient Rheometry 

 There are a number of time scales in terms of rheological properties. Some of them 
take place explicitly in a  fl ow system subject to transient process. In particular, vis-
coelastic  fl uid shows a clear oscillatory response to given transient shearing action, 
departing from non-Newtonian  fl uid that has only a variation of viscosity. A similar 
property exists even in the mixture of Newtonian  fl uids as a result of the action of 
interface among the phases. Because UVP can measure the velocity pro fi le in space–
time two dimensions, it is a feasible tool for the quantitative evaluation of such 
rheological properties  [  45,   46,   56,   69  ] . Here we explain two kinds of transient  fl ow 
con fi gurations by which UVP works suitably as rheometry. 

    5.3.2.1   Spinning Flow Rheometry 

 Measurement of  fl ow inside a rotating container was explained in Sect.  4.1 . In the 
case of an impulsive start of the rotation from the stationary state, the unsteady 
process of inward momentum transfer from the container wall can be measured by 
UVP  [  70  ] . Analyzing the unsteady response, we can extract the rate of momentum 
diffusion, that is, the shear stress. Once shear stress is measured, viscosity is given 
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in the case of Newtonian  fl uid. For a non-Newtonian  fl uid, unknown constants in the 
shear stress model can be estimated. 

 Figure  5.43  shows the UVP measurement line for a rotating circular container. 
With this con fi guration, there is no pressure gradient in the azimuthal direction, and 
therefore angular momentum conservation is evaluated only from the velocity with-
out information of pressure. The measurement example shown is the  fl ow of a vis-
coelastic liquid that is a 1% aqueous solution of polyacrylamide (PAA). The  fl ow 
driven by the cylindrical wall propagates to the central part and then returns in sev-
eral cycles of oscillatory behavior. The  fi nal state has rigid rotation that matches the 
rotation of the rotating container. Rheological properties of the PAA solution are 
quanti fi ed from the initial momentum transfer until the rigid rotation.  

 Figure  5.44  depicts the distribution of the  fl uid distortion, which is visualized by 
time integration of the azimuthal velocity. Here the velocity vector  fi eld is computed 
by the method mentioned in Sect. 4.2.3.  Figure  5.44a  shows the spin-up response, 
which is unsteady distortion caused by a sudden start of rotation from a stationary 
state. Figure  5.44b  is the spin-down response, which is  fl ow caused by the rapid 
stopping of the rotating container from a rigidly rotating state. Figure  5.44c  is the 
impulse response, which is given by a 45° displacement of the cylinder in a very 
short time starting from the stationary state. In all cases, the  fl uid inside the core of 
the cylinder is hardly distorted owing to elastic recovery of the shear displacement. 
UVP is a good tool to visualize  fl uid distortion as in the sample shown here.  

 PAA solution, which is targeted here, is a viscoelastic  fl uid, and its shear stress is 
modeled as

  Fig. 5.43    Spinning  fl ow measurement and its sample data.  PAA , polyacrylamide       

  Fig. 5.44    Visualization of  fl uid distortion by time integration of velocity pro fi les. ( a ) Spin-up 
response. ( b ) Spin-down response. ( c ) Impulsive response       
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where   t   
y
  is the yield stress,  E  is the elastic modulus,   g   is the shear strain,  v  is the 

azimuthal velocity,  r  is the radial distance from the rotating axis,  t  is time,  K  is the 
viscous strength (different from the viscosity itself), and  n  is the viscous index. This 
kind of stress model for viscoelastic  fl uid is called the Hershel–Bulkley model. 
Below the yield stress,  fl uid deforms elastically, and beyond the yield stress, the 
stress distribution becomes a function of the shear rate. Through UVP, several 
parameters in the model can be determined as explained below. 

 In spinning  fl ow, the momentum conservation equation in the azimuthal direc-
tion is described using the shear stress,   t  , as
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where  u  is the  fl ow velocity in the radial direction and is suf fi ciently small to 
neglect in the simpli fi ed equation shown on the right side. UVP obtains the velocity 
pro fi le information of  v ( r,t ), and the only unknown variable in Eq. ( 5.15 ) is   t  . Thus, 
the shear stress distribution   t  ( r , t ) can be calculated from the differential equation 
using the integral formula:
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 In this equation, the density variation in the radial direction is assumed negligi-
ble. By substituting the distribution of   t   into the left-hand side of Eqs. ( 5.12 ) and 
( 5.13 ), the values of  E ,  K ,  n,  and   t   

y
  are estimated. Originally, these values are 

obtained independently for all the coordinates of the spatiotemporal two-dimen-
sional domain, and the best estimates of the four properties must be determined 
among them. The least-squares approach is one of the available options to obtain the 
best estimates. The approach considers the best estimates to have the least value of 
a cost function regarding the error of the momentum conservation equation, i.e., Eq. 
( 5.14 ). The cost function has the following form parameterized by four properties, 
time,  t , and space,  s :
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 Applying this formula for all data in the spatiotemporal domain, the integral value, 
 G , is de fi ned as
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     y y( , , , ) ( , , , ; , ) min .= →∫∫G K E n g K E n t s dtdst t    (5.17   )   

 The best estimates of the four parameters are found when the function  G  takes a 
minimum value. Computing all the distribution of  G  in four-parameter space may 
be too costly to implement, and hence suitable acceleration algorithms are recom-
mended to  fi nd the best estimates more quickly; for example, the Newton–Raphson 
iterative scheme, random-searching scheme, genetic algorithm, and other recursive 
schemes. 

 Figure  5.45  presents measurement data of the viscosity of the PAA solution, 
which are obtained employing the aforementioned method  [  71  ] . The solid circles 
are the viscosity separately measured with a rotary rheometer, and a single line 
in the  fi gure is the viscosity measured by UVP. The line expresses the values of 
 K  and  n , simultaneously, and with the data the known feature of the PAA solu-
tion, which is a shear-thinning characteristic, was con fi rmed quantitatively. The 
yield stress and elastic modulus are also obtained. The point is that only a single 
run of the spinning measurement allows the four parameters to be measured 
because the single dataset of the spatiotemporal velocity distribution includes 
both high and low regions of shear rate. Moreover, the suitability of the rheologi-
cal model can be assessed with the value of  G , which is expected to be small 
when the suitability is high. Discrepancy of the data at a shear rate higher than 
200 s –1  in the  fi gure is the result of the mismatch of the rheological model that is 
introduced in the analysis.   

  Fig. 5.45    Shear-thinning 
characteristics of PAA solution 
measured by UVP       
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    5.3.2.2   Oscillating Pipe Flow Rheometry 

 The  fl ow pattern in a pipe can be described with a single dimensionless parameter, 
that is, Reynolds number. Laminar pipe  fl ow has a parabolic velocity pro fi le inside, 
and turbulent pipe  fl ow is approximated by exponential laws. When the volume  fl ow 
rate of the pipe  fl ow is subject to oscillation, the internal  fl ow has complex structure 
including a phase lag in the velocity  fl uctuation between two radial coordinates. It 
is known that there is an annular leading effect for such oscillatory pipe  fl ow, which 
has a phase advance near the pipe wall, and phase delay in the core region. UVP 
technique can be applied to study this one-velocity-component time-dependent  fl ow 
phenomenon, that is, a spatiotemporal two-dimensional  fl ow. Non-Newtonian  fl uids 
exhibit many different responses in the velocity distribution, and UVP can thus be 
used to study the rheological properties of non-Newtonian  fl uids in oscillatory pipe 
 fl ow. In addition, a change in the oscillation frequency expands the range of rheo-
metrical investigations in particular for  fl uids that have multiple elements in the 
relaxation time. Driving of the  fl ow using a piston, which gives a  fi xed displacement 
to the internal  fl uid, helps with two-parameter control so that complex rheological 
 fl uids can be investigated effectively. 

 Figure  5.46  is a schematic diagram of the oscillatory pipe  fl ow device. The mea-
surement line of UVP is set suf fi ciently far from the piston head so that the second-
ary  fl ow effect does not remain along the measurement line.  

 Figure  5.47  presents three examples of a spatiotemporal two-dimensional veloc-
ity distribution in a single cycle of the oscillation. The ordinate is the spatial coordi-
nate of the pipe diameter. In the case of water (Fig.  5.47a ), the velocity pro fi le at any 
instant is parabolic. Figure.  5.47b  shows the response of dilute PAA solution, which 
has a delay in the core region of the pipe. Figure  5.47c  is the response of a deeply 
concentrated solution, which has a double layer of oscillatory  fl ow  [  72  ] .  

 Figure  5.48  is the radial distribution of the phase shift determined from the veloc-
ity data. The ordinates of (a) and (b) in the  fi gure are the phase shift from the piston 
motion, and positive and negative values indicate advances and delays of the 
response. In the case of water (a), a large phase shift is found near the pipe wall, 

  Fig. 5.46    Velocity pro fi ling of an oscillatory pipe  fl ow driven by a piston       
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which is explained by the annular leading effect of Newtonian  fl uid as mentioned 
previously. In the case of PAA solution (b), the annular effect expands widely but 
weakens. The dynamic characteristics of the shear rate–stress relationship are shown 
in (c) for a single location. Although there is perfect linearity between the shear rate 
and stress for Newtonian  fl uid, the PAA solution becomes nonlinear and has hyster-
esis shown by a closed curve.  

 To summarize, the UVP technique can be used to study the rheological proper-
ties of the two kinds of  fl ow con fi gurations described here: spinning  fl ow and oscil-
lation pipe. However, there are, of course, other types of con fi guration for which the 
suggested UVP technique can be used for in-line rheometry. For instance, a vibrat-
ing sphere in a target  fl uid can be used to estimate stress tensor components, and 
regularly arranged vortices such as Karman and Taylor vortices are suitable  fl ow 
 fi elds to be assessed by UVP. A common feature in these examples is that the 
momentum transfer is effectively evaluated as a temporal change in the spatial 
velocity distribution, which makes the rheological investigation more logical than 
the use of conventional rheometers that only sense integrated physical quantities, 
such as torque, drag, and the pressure difference. Additionally, very often the target 
 fl uids that have unknown properties are opaque; therefore, the advance of UVP is 
clearly promising when practical applications are considered.    

  Fig. 5.47    Comparison of velocity pro fi les in a single cycle of oscillation. ( a ) water (Re = 4). 
( b ) 0.025 wt% PAA solution. ( c ) 1 wt% PAA solution       

  Fig. 5.48    Phase shift of the velocity response in oscillatory pipe  fl ow for ( a ) Water. ( b ) PAA 
solution. ( c ) Shear rate - stress curves for PAA solution       

 

 



1595 Practical Applications

    5.4   Rheological Characterization 

    5.4.1   Concentrated Polydisperse Suspensions 

 The UVP + PD methodology has also been successfully applied to a range of indus-
trial  fl uids and suspensions, including  fl uids containing large particles and  fi bers, 
for example, mineral slurries and several kinds of foods  [  42–  44,   47,   51,   55,   56,   68, 
  73,   74  ] . Investigated industrial suspensions differed in continuous phase, solids con-
centration, and particle shapes and sizes. Soft and hard particles with size distribu-
tions from submicrometer to micrometer to large solid pieces up to 3–4 cm in length 
were used. Examples are aggregating clay particles, spherical glass beads, rod-like 
pulp and fruit  fi bers, kidney-shaped seeds, and odd-shaped herb,  fi sh, and vegetable 
pieces. In addition, the investigated industrial suspensions differed signi fi cantly in 
 fl ow behavior from strictly Newtonian to highly shear thinning. A summary of some 
of the  fl uid systems investigated using the UVP + PD method is presented in 
Table  5.1 .   

    5.4.2   Fiber Suspensions and Yield Stress Measurements 

 The UVP technique and the UVP + PD rheometric method are of special interest for 
the paper pulp industry. Pulp suspensions are opaque, non-Newtonian  fl uids con-
taining regions of relatively high  fi ber concentration that tend to form a continuous 
rigid  fi ber network structure throughout the suspension above a certain critical con-
sistency. This rigid  fi ber network extends across the pipe diameter at very low  fl ow 
velocities and can be considered as a plug that moves at a constant velocity. As the 
 fl ow rate increases, the  fi ber network plug begins to break up from its outer surface 
to form a mixed  fl ow regime with a water and  fi ber annulus surrounding the rigid 
 fi ber plug in the center of the pipe. The stress required for breakup is frequently 
called disruptive shear stress or yield stress. Both UVP and the UVP + PD method 
have been used for noninvasive velocity pro fi les measurements, as well as rheologi-
cal in-line characterization, in pulp suspensions at high concentrations up to 7.8% 
(w/w)  [  55,   73  ] . An example of velocity pro fi les measured in pulp suspensions is 
shown in Fig.  5.49 . Simultaneous UVP and laser Doppler anemometry (LDA) mea-
surements in an experimental pipe  fl ow loop showed that LDA works with limited 
penetration depth to a few millimeters, whereas the UVP technique had a sustained 
penetration depth throughout the pipe diameter and that combined with simultane-
ous pressure drop measurements, the UVP + PD method can be used to determine 
rheological properties of pulp suspensions  [  73  ] . It was further shown the yield stress 
can be measured in line by determining the plug radii. Recently, the UVP + PD 
method was shown to be a new powerful tool for noninvasive visualization, espe-
cially in the near-wall gradient layer of  fi ber suspensions  [  45  ]  and for studying an 
axial cellulose  fi ber jet. The UVP + PD method has also been used to determine 
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yield stress in other suspensions, such as tomato concentrates and starch gels  [  42, 
  75  ]  and concentrated cornstarch model suspensions by Ouriev  [  41  ]  and Ouriev and 
Windhab  [  65  ] .    

    5.5   Magnetic Fluids 

    5.5.1   Introduction 

 Magnetic  fl uid  [  76  ]  is a stable colloidal dispersion of small surfactant-coated fer-
romagnetic particles in a liquid carrier, such as water or kerosene. These magnetic 
particles are about 10 nm in size. The preparation of a stable magnetic  fl uid involves 
a delicate balance between the attractive and repulsive forces on each particle. 
Therefore, the magnetic particles are in Brownian motion and magnetic  fl uid can be 
treated as a Newtonian  fl uid under no magnetic  fi eld. However, once a magnetic 
 fi eld is applied to a magnetic  fl uid, several interesting  fl ow phenomena, which are 
not seen in a Newtonian  fl uid, can be observed  [  77  ]  because of the combination of 
strong magnetism and liquidity. For instance, when the magnetic  fi eld is applied to 
magnetic  fl uid, apparent viscosity of the magnetic  fl uid increases in the region 
where the magnetic  fi eld exists. As a result of the change of the apparent viscosity, 
the velocity  fi eld typically changes  [  78  ] . Applying these unique characteristics of 

  Fig. 5.49    Velocity pro fi les measured using UVP ( open circles ) and LDA ( diamonds ). The dis-
ruptive shear stress (yield stress) can be determined directly in line from the plug radius using 
the pressure drop measured over the distance  L . (Replotted from the results of Wiklund and 
Stading  [  73  ] )       
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magnetic  fl uids, many applications of magnetic  fl uid have been developed in the 
mechanical engineering and biomedical engineering  fi elds. Moreover, the thermo-
physical properties of magnetic  fl uid have also attracted attention  [  79,   80  ]  and have 
been applied to many technologies in the thermal engineering  fi eld, because mag-
netic  fl uid has also interesting thermophysical properties such as temperature-de-
pendent magnetization and good heat conductivity. 

 In mechanical engineering, magnetic  fl uid is applied as a working medium in 
dampers  [  81  ] , audio speakers  [  82  ] , and so on. One of the most successful applica-
tions of magnetic  fl uid is in audio speakers, in which magnetic  fl uid is  fi lled around 
the voice coil. As the magnetic  fl uid provides the centering and sealing effects, pro-
ductivity of the audio speakers increases, and air modulation noise in the gap can be 
eliminated. In addition, because thermal conductivity of a magnetic  fl uid is much 
greater than that of air, the magnetic  fl uid provides a lower heat resistance between 
the coil and pole plate. As a result, the operating temperature of the voice coil can 
be reduced. 

 Magnetic  fl uid is also used in many biomedical applications such as contrast 
enhancement for magnetic resonance imaging  [  83  ] , drug delivery  [  84  ] , and mag-
netic  fl uid hyperthermia  [  85,   86  ] . Particularly, magnetic  fl uid hyperthermia has 
attracted great attention. When an alternating current magnetic  fi eld is applied to 
magnetic nanoparticles, these particles generate heat. This thermophysical property 
of magnetic  fl uid allows heating up a speci fi c point of a human body, such as a 
tumor that has been dosed with magnetic  fl uid, without affecting the surrounding 
parts of the body. 

 To better understand these characteristic  fl ow behaviors of the magnetic  fl uid, it 
is necessary to measure the internal velocity  fi elds. However, because magnetic 
 fl uid is opaque, optical methods such as laser Doppler velocimetry (LDV) and par-
ticle image velocimetry (PIV) cannot be applied to measuring the velocity  fi elds. 
Against these optical methods, the UVP method is suitable for measuring the veloc-
ity pro fi le of magnetic  fl uid, and many dif fi cult measurements of the unique mag-
netic  fl uid  fl ow have been carried out in the past two decades  [  87–  89  ] . In this section, 
practical measurements of the oscillating  fl ow and the Taylor vortex  fl ow of a mag-
netic  fl uid  [  87  ]  are introduced.  

    5.5.2   In fl uence of Magnetic Field on Sound 
Velocity in Magnetic Fluid 

 Sound velocity in the measuring liquid is an important parameter for UVP 
 measurement. However, the magnetic  fi eld in fl uences the sound velocity in a 
magnetic  fl uid  [  90  ] . When the magnetic  fi eld is applied to a magnetic  fl uid, the 
inner particles in the magnetic  fl uid coagulate and form a chainlike cluster  [  91  ] . 
These coagulation and chainlike structures in the magnetic  fl uid in fl uence sound 
velocity in the  magnetic  fl uid. Therefore, before UVP measurement of magnetic 
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 fl uid  fl ow, it is necessary to investigate the in fl uence of the magnetic  fi eld on 
sound velocity in the magnetic  fl uid. 

 Figure  5.50  shows the time-series change of sound velocity in the water-based 
magnetic  fl uid W-40 (produced by Taiho Industrial Co.) applying a magnetic  fi eld. 
The change of sound velocity in the magnetic  fl uid was evaluated by  DV/V  

 0 
 . Here, 

 DV  is de fi ned by  DV  =  V  −  V  
 0 
 , where  V  and  V  

 0 
  are sound velocities with and without 

an external magnetic  fi eld, respectively. In this experiment, the magnetic  fi eld inten-
sity was kept at 100 mT. When the magnetic  fi eld is applied to the test magnetic 
 fl uid, sound velocity increases with elapsed time of magnetic  fi eld application. This 
change seems to be caused by growth of the chainlike clusters. However, because 
the change of sound velocity is rather small, this change does not in fl uence the UVP 
measurements. In contrast, the temperature of a magnetic  fl uid also has a strong 
in fl uence on sound velocity in the  fl uid compared to the in fl uence of the magnetic 
 fi eld. Therefore, it is important to control the temperature of the magnetic  fl uid at a 
constant during UVP measurement.   

    5.5.3   Velocity Pro fi le Measurement of Oscillating 
Flow of a Magnetic Fluid 

 Figure  5.51  shows a schematic diagram of the experimental apparatus for oscillat-
ing  fl ow. The test section is made of a transparent acrylic pipe having inner diameter 
( R ) 30 mm, outer diameter 40 mm, and length 3,000 mm. One end of the pipe is 
connected to the tank (300 mm × 300 mm × 300 mm), which is located at 540 mm 
height from the center of the pipe. The other end of the pipe is connected to the 

  Fig. 5.50    In fl uence of magnetic  fi eld on sound velocity in a magnetic  fl uid       
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piston. Oscillating  fl ow is generated by the oscillating piston, which is driven by a 
crank system. Piston frequency can be controlled by the inverter. Two permanent 
magnets (150 mm × 100 mm × 25 mm) are placed on both sides of the pipe (Fig.  5.52 ), 
and the magnetic  fi eld intensity can be controlled over a range from 20 mT to 
110 mT by changing the interval of the two magnets.   

 The UVP transducer is  fi xed on the outer wall of the pipe with an angle of 14° 
at the measurement position where the magnetic  fi eld exists. The measurement line 
is parallel to the two magnets, and radial direction along the ultrasonic beam is 

  Fig. 5.51    Experimental apparatus of oscillating  fl ow measurement       

  Fig. 5.52    Position of UVP 
transducer       
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de fi ned as     r⊥    (Fig.  5.52 ). In this experimental system, there are some problems for 
UVP  measurement. Because the test section is made of a transparent acrylic pipe 
and the transducer is placed on the outside, this experimental setup leads to distorted 
velocity pro fi les. In addition, it is possibility that non-zero velocity would be 
obtained at the wall because of convolution of the ultrasound pulse with distance 
when propagation is through a solid wall material. This problem can be corrected by 
using a complex deconvolution procedure. 

 The UVP monitor used in this measurement is a model XW-PSi (produced by 
Met-Flow). The ultrasonic frequency of the transducer is 4 MHz. The  fl ow is seeded 
by porous SiO 

2
  particles 0.9  m m in mean diameter (product name, MSF-10 M; 

Liquidgas Co.). A water-based magnetic  fl uid W-40 (Taiho Industrial) is used as a 
test  fl uid. The kinematic viscosity is   n   = 4.35 mm 2 /s, and the sound velocity in the 
magnetic  fl uid is  c  = 1,420 m/s at 20°C. 

 In this experiment, the piston frequency is kept at 0.053 Hz and Wormersley 
number is  W =  4.2, which is de fi ned by

     ,W R=
ν
w

   (5.18  )  

where  R  is radius of the pipe and   w   is angular velocity of the piston. The Wormersley 
( W ) number is an important dimensionless parameter for an oscillating  fl ow and 
indicates the ratio of unsteady inertia and viscosity forces. 

 Oscillating  fl ow is one of the typical unsteady  fl ows. In addition, in the case 
of magnetic  fl uid  fl ow, the velocity pro fi le of the magnetic  fl uid  fl ow changes 
with pre-application time of the magnetic  fi eld before generation of the oscillat-
ing  fl ow and with elapsed time of applying magnetic  fi eld. Therefore, UVP mea-
surement is performed considering this elapsed time change. Figure  5.53  shows 
the timing chart of the oscillation of the piston. Measurement starts when the 
piston  fi rst achieves the center position between top and bottom, dead center of 
the crank. This position is de fi ned as the base phase   j   = 0. UVP measurements 
of the velocity pro fi le under magnetic  fi eld are begun after pre-application of 
magnetic  fi eld. Because the magnetic  fi eld is applied parallel to the pipe for  T  

 a 
  

minutes before measurements, the chainlike cluster is formed in the direction of 
the magnetic  fi eld line. After  T  

 a 
  minutes, oscillating  fl ow is generated by the 

piston, and measurement starts from the  fi rst cycle with synchronizing with the 
piston cycle.  

 Figure  5.54  shows the velocity pro fi le of the oscillating  fl ow of the magnetic 
 fl uid under no magnetic  fi eld. Ensemble averaged velocity pro fi les were calculated 
by 30 cycles of measuring data at the same phase. In this  fi gure, normalized velocity 
 v * and normalized radius  r * are de fi ned by the following equations: 

     * , * ⊥= =
k

rv
v r

R Rw    (5.19  )  
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where  R  
 k 
  is radius of a crank and  R  

 k 
   =  100 mm,   f   corresponds to the phase difference 

from the middle point of top and bottom dead points, and  r * = −1 and 1 indicate 
the side wall where the transducer is  fi xed and the opposite side wall, respectively. 
A solid line is the theoretical velocity pro fi le of a Newtonian  fl uid in a laminar oscil-
lating pipe  fl ow. Because magnetic  fl uid can be treated as a Newtonian  fl uid under 
no magnetic  fi eld, the measured velocity pro fi les of the magnetic  fl uid  fl ow have 
good agreement with the theoretical velocity pro fi les of a Newtonian  fl uid  fl ow. The 
annular effect  [  92  ] , which is the characteristic reversed- fl ow phenomenon in 
the center region of the pipe in the oscillating  fl ow of the Newtonian  fl uid, can be 
obtained in magnetic  fl uid  fl ow. In addition, this annular effect becomes more typi-
cal under the oscillating  fl ow of larger Wormersley number. 

  Fig. 5.53    Timing characteristics of velocity pro fi le measurement       

  Fig. 5.54    Velocity pro fi les of oscillating  fl ow of magnetic  fl uid under no magnetic  fi eld ( W  = 4.2)       
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 Figure  5.55  shows the velocity pro fi le of the oscillating  fl ow of the magnetic 
 fl uid under a magnetic  fi eld. The magnetic  fi eld intensity is 94 mT. In this experi-
ment, a magnetic  fi eld is applied to the magnetic  fl uid  fl ow with  T  

 a 
  = 0. This  fi gure 

indicates that the annular effect disappears when applying the magnetic  fi eld. When 
the magnetic  fi eld is applied to a magnetic  fl uid, it is well known that the apparent 
viscosity increases with increasing magnetic  fi eld. As a result of the increase of 
apparent viscosity, the annular effect disappears.  

 Finally, Fig.  5.56  shows the velocity pro fi les at the same conditions as Fig.  5.55 , 
but a magnetic  fi eld is pre-applied to the  fl uid for 90 min ( T  

 a 
  = 90) before the mea-

surement. In this measurement, the velocity pro fi le changes with elapsed time from 
the start of the oscillating  fl ow. Therefore, the velocity pro fi le obtained from the 
measuring data of the only second cycle is presented in this  fi gure. We con fi rmed that 
this velocity pro fi le became the ordinary velocity pro fi le shown in Fig.  5.55  after 
several cycles. In this measurement, remarkable changes of the velocity pro fi les 
related with the chainlike cluster formation are observed, which cannot be explained 
by the increase of the apparent viscosity owing to the magnetic  fi eld. The chainlike 
clusters are grown toward the center area of the pipe by the pre-application of the 
magnetic  fi eld, and these clustering structures prevent  fl owing. However, these clus-
ters collapse gradually after the beginning of an oscillating  fl ow.   

    5.5.4   Velocity Pro fi le Measurement of Taylor 
Vortex Flow of a Magnetic Fluid 

 Figure  5.57  shows the experimental apparatus with a sketch of the  fl ow pattern that 
is called Taylor vortex  fl ow (see Sect.  5.1.1 ). The test section consists of concentric 
cylinders made of Plexiglas to permit more than 90% transmissivity of ultrasound 

  Fig. 5.55    Velocity pro fi les of oscillating  fl ow of magnetic  fl uid under magnetic  fi eld ( W  = 4.2, 94 
mT,  T  

 a 
  = 0)       
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  Fig. 5.56    Velocity pro fi les of the oscillating  fl ow of the magnetic  fl uid under magnetic  fi eld 
( W  = 4.2, 94 mT,  T  

 a 
  = 90 min)       

  Fig. 5.57    Experimental apparatus of Taylor vortex  fl ow of a magnetic  fl uid [ 86 ] (with kind 
permission from Springer Science+Business Media)       
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between the magnetic  fl uid and wall material. The inner cylinder was rotated by a 
belt  connected to a variable speed electric motor. The motor permits the angular 
velocity   W   to be varied continuously for a rotating frequency  f  ranging from 0.5 to 
10 Hz. The outer cylinder was stationary, which enabled us to make measurements 
at various angular positions. The length of the cylinder was  L  = 160 mm. The radius 
of the inner cylinder was  R  

i
  = 15 mm and that of the outer cylinder  R  

o
  = 23 mm, giv-

ing a gap of  d  =  R  
o
  −  R  

i
  = 8 mm, an aspect ratio of  L / d  = 20, and a radius ratio 

  h   =  R  
i
 / R  

o
  = 0.65. The working  fl uid was magnetic  fl uid W-40 (Taiho Industries), a 

water-based magnetic  fl uid, which has a 40% weight concentration of magnetite 
(Fe 

3
 O 

4
 ) particles, a kinematic viscosity 15.4 mm 2 /s, and a density   r   = 1.35 × 10 3  kg/

m 3  at 25°C. The Reynolds number is given by  Re  =   W R  
 i 
  d/ n   and a reduced Reynolds 

number  Re * =  Re / Re  
c
 . The critical Reynolds number  Re  

c
  at which Taylor vortices 

 fi rst appear in an in fi nitely long cylinder depends only on the radius ratio  [  93  ] , and 
for   h   = 0.65 this is  Re  

c
  = 75.  

 The measuring system used for velocity measurements was UVP (MetFlow; 
Model X1-PS) with a personal computer for data analysis. In the present investiga-
tion, the ultrasound transducer was located at the outer wall of one of the end 
plates, and axial velocity components were measured along the inner rotating wall 
of the gap. An ultrasound beam about 5 mm in diameter was emitted, and a mea-
suring volume resulted with a cross section of the major axis of 5 mm × 0.705 mm, 
resembling a thin disk shape. The ultrasound transducer was operated with a basic 
frequency of 4 MHz, pulse repetition frequency 3,906 Hz, velocity resolution 
 Dv  = 2.69 mm/s, and time resolution  DT  = 37 ms. The sound velocity in the mag-
netic  fl uid is  c  = 1,420 m/s. 

 A nonuniform magnetic  fi eld was applied perpendicularly to the cylinder axis 
using a 70 mm  ×  70 mm  ×  45 mm permanent magnet positioned outside the 
 cylinders. The location of the magnet was 20 mm from the end plate of the cylinder 
(Fig.  5.57 ), which was determined by considering the end effect on the Taylor 
vortex  fl ow and the measurable length. The typical magnetic  fi eld distribution 
( B  

0
  = 79 mT) around the cylinder is shown in Fig.  5.58a ; the location of the trans-

ducer for measurements is shown in Fig.  5.58b . Three different intensities of mag-
netic  fi elds were applied using a permanent magnet by changing the distance  l  
between the cylinders and the magnet. Figure  5.59  shows the distributions of the 
magnetic  fi eld induction at the mid-height of the column ( z  = 0 line in Fig.  5.58a ). 
The horizontal axis is the radial coordinate in the gap normalized by the diameter 
of the outer cylinder and starting from the outer wall. The characteristic magnetic 
induction is de fi ned at the ( y ,  z ) = (0, 0) point and was  B  

0
  = 36, 57, and 79 mT. The 

magnetic intensity decreases with distance.   
 In the absence of a magnetic  fi eld, the  fl ow is axisymmetric, and therefore it was 

only necessary to measure at one angular position. With the magnetic  fi eld using the 
present magnet, however, it was found that there was an angular dependence of the 
velocity. Therefore, velocity pro fi les were measured at eight angular positions 
around the system (Fig.  5.58b ) with 45° interval. The angular position is measured 
from point A (in Fig.  5.58b ) that is closest to the permanent magnet and increases 
in the direction of rotation. 
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 The velocity pro fi le was obtained by placing the ultrasound transducer on the 
outer wall of the end plate at the inner wall position (Fig.  5.60 ). For the range of 
Reynolds number ( Re  = 100–160) studied here, there was no temporal change in the 
axial velocity component. We therefore  fi rst calculated a time average of 1,024 
pro fi les. Typical time-averaged velocity pro fi les covering the interior four pairs of 
Taylor cells for various strengths of magnetic  fi eld at  R*  = 1.72 are shown in Fig.  5.60  
together with an illustration of streamline patterns within Taylor cells. The distance 
between two centers of adjacent Taylor cells is not constant, but they form a pair; 

  Fig. 5.58    ( a ) Measured magnetic  fi eld. ( b ) Measuring position for axial velocity distribution [ 86 ] 
(with kind permission from Springer Science+Business Media)       

  Fig. 5.59    Magnetic  fi eld distribution across the diameter of the cylinders [ 86 ] (with kind permis-
sion from Springer Science+Business Media)       
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these pairs are periodically structured. Escudier et al.  [  93  ]  investigated the axial and 
tangential velocity by applying a laser Doppler anemometer to the Taylor vortex  fl ow 
and constructed streamline plots of the radial–axial  fl ow  fi eld. They showed the same 
pattern in the axial velocity distribution and  fl ow  fi eld. In addition, this  fi gure shows 
that the velocity level decreases with increasing magnetic  fi eld intensity.  

 To investigate the deformation of Taylor cells and the effect of the magnetic  fi eld 
on the  fl ow structure quantitatively, we calculated the averaged velocity pro fi le, 
estimating the amplitude from the velocity values of the peak and valley de fi ned as 
 A = V  

peak
  −  V  

valley
 . The square of the intensity | A | 2  is plotted against Reynolds number 

in Fig.  5.61 . It shows a linear increase for  Re  < 150, and the intercept of the line on 
the abscissa is the estimated critical value  Re  

c
 . For the zero  fi eld case in Fig.  5.61 , 

 Re  
c
  was estimated to be 75, which is in good agreement with the analytical value for 

the present radius ratio of 0.65. It seems reasonable to consider that the magnetic 
 fl uid is Newtonian unless a magnetic  fi eld is applied.  

 The same analysis was made for various intensities of magnetic  fi eld (Fig.  5.62 ). 
In all cases, the change in | A | 2  is linear for  Re  < 150. However, the line shifts to the 
higher  Re  side when the magnetic  fi eld increases. According to this shift,  Re  

c
  

becomes larger. In Fig.  5.63 , the critical Reynolds number is plotted versus inten-
sity of the magnetic  fi eld. This change might be caused by delay of onset of the 
instability or by a change of apparent viscosity from the applied magnetic  fi eld. 
Considering that the slope of the variation of | A | 2  in Fig.  5.62  is more or less the 
same in all cases, it is very unlikely that the magnetic  fi eld directly affects the onset 
of instability. It is thought to be more reasonable that the apparent viscosity changes 
by the magnetic  fi eld.   

  Fig. 5.60    Time-averaged velocity pro fi le [ 86 ] (with kind permission from Springer 
Science+Business Media)       
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 Moreover, to investigate the angular dependence of the  fl ow, velocity pro fi les 
were measured at angular positions in 45° steps (as de fi ned in Fig.  5.58b ). Note 
that inner cylinder rotates clockwise. Because the applied magnetic  fi eld in the 
present experiments was nonuniform, it was expected that the motion of  fl uid  fl ow 
might not be the same at each angular positions. Figure  5.64  shows the time-aver-
aged velocity distributions at these angles under a magnetic intensity  B  

0
  = 79 mT 

and with the case without a magnetic  fi eld. When the magnetic  fi eld is applied, the 

  Fig. 5.61    Reynolds number dependence on the square of maximum axial velocity [ 86 ] (with kind 
permission from Springer Science+Business Media)       

  Fig. 5.62    In fl uence of the magnetic  fi eld on the square of maximum axial velocity at each 
Reynolds number [ 86 ] (with kind permission from Springer Science+Business Media)       
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wavelength becomes smaller at all positions by roughly the same amount for all 
cases. However, the maximum velocity shows an interesting tendency.  

 Figure  5.65  shows the angular distribution of the time-averaged maximum 
velocity at  x  = 54 mm and the intensity of radial components  B  

r
  of the magnetic 

 fi eld (gap space-averaged) normalized by  B  
0
  = 79 mT. At point A, the intensity of 

the magnetic  fi eld is largest and the maximum velocity  V  
 x  max

  has its smallest value. 
On the other hand, at C,  V  

 x  max
  has its largest value and the magnetic  fi eld is small. 

  Fig. 5.63    Magnetic  fi eld dependence on the critical Reynolds number [ 86 ] (with kind permission 
from Springer Science+Business Media)       

  Fig. 5.64    Time-averaged velocity distributions at each angular position under a magnetic  fi eld 
[ 86 ] (with kind permission from Springer Science+Business Media)       
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The same relationship can be seen at E and G. These results indicate a strong 
in fl uence of the magnetic  fi eld on the magnitude of the velocity. The velocity mag-
nitude decreases with increasing magnetic  fi eld intensity. The magnetic  fi eld ( B  

r
 ) 

distribution is mirror symmetric with respect to the 180° point (E), whereas the  V  
 x  

max
  distribution deviates from symmetry. The  V  

 x  max
  at G is larger than at C and  V  

 x  max
  

at H is larger than at B. This difference is considered to be caused by the in fl uence 
of the upstream velocity. As it  fl ows azimuthally from A to H, a point upstream of 
B (i.e., at A) has smaller velocity whereas one upstream of H (i.e., at G) has a 
larger velocity; this is valid for comparison between C and G and between D and 
F. The magnitude of this difference is larger for B–H than C–G and furthermore it 
is very small for D–F: it depends on the magnitude of the velocity difference.    

    5.6   Gas–Liquid Two-Phase Flow 

 Gas–liquid two-phase  fl ow, which is the  fl ow of a mixture of gas and liquid, is used 
in chemical plants, metal re fi nement processes, nuclear cooling systems, and water 
treatment facilities, and is also observed in marine devices and the natural environ-
ment. The  fl ow has a variety of patterns dependent on the void fraction, and there 

  Fig. 5.65    Angular distribution of the radial magnetic  fi eld intensity ( top ) and maximum velocities 
at various angles ( bottom ) [ 86 ] (with kind permission from Springer Science+Business Media)       
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has been a long history of research in an effort to understand and control the  fl ow. 
The most fundamental target of measurement is the void fraction that  fl uctuates in 
space and time. In pipe  fl ow, for example, there are a number of very different  fl ow 
patterns, such as bubbly  fl ow, plug  fl ow, slug  fl ow, churn  fl ow, froth  fl ow, annular 
 fl ow, and mist  fl ow. Because the void fraction has high correlation with  fl uctuation 
in pressure, the dynamic transport characteristics of two-phase  fl ow are often 
assessed with pressure measurement. In contrast, there has been a short history of 
measuring the velocity  fi eld to investigate the behavior of gas–liquid two-phase 
 fl ow. Most convectional velocity measurement techniques cannot be immediately 
applied to two-phase  fl ow because the gas–liquid interface disturbs the working 
principle of the measurement  [  94  ] . UVP is one such technique, and hence various 
problems arise when it is applied to gas–liquid two-phase  fl ow. An obvious and 
paramount problem is that the ultrasound pulse does not transmit through the gas–
liquid interface, which prevents measurement beyond the interface. For this reason, 
the use of other signals such as X-ray, neutron ray, and gamma ray signals, has been 
alternatively developed for two-phase  fl ow measurement. However, measurement 
restrictions for two-phase  fl ow are not severe when using the UVP technique com-
pared with those when using optical methods such as laser Doppler velocimetry, as 
is described in the following section. 

 Figure  5.66  compares measurement principles for bubbly  fl ow. Laser Doppler 
velocimetry (LDV) provides two laser beams to measure the velocity at the cross-
ing point (Fig.  5.66a ). The system requires three paths of light in total, which 
includes the path from the crossing point to the aperture. When a bubble blocks one 
of the paths, measurement does not work at all. Figure  5.66b  shows particle imag-
ing velocimetry (PIV), which includes particle tracking velocimetry here. PIV has 
multiple factors that disturb the measurement in two-phase  fl ow. First, bubbles 
break the sheet of light. Second, bubbles that exist between the sheet and a camera 
produce an ineffective area for measurement. Third, the ineffective area for PIV is 
further expanded by the displacement of bubbles between two consecutive image 
frames as shown by the difference in bands on the sheet in the  fi gure. The use of 

  Fig. 5.66    Measurement effectiveness for gas–liquid two-phase  fl ow. ( a ) LDV. ( b ) PIV/PTV.
( c ) UVP       
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UVP, however, requires only a single path of ultrasound in two-phase  fl ow, and the 
probability of a bubble’s disturbance of the measurement is the lowest among these 
three principles of measurement. In addition, as opposed to LDV and PIV, UVP 
obtains all velocity data along the measurement line until the  fi rst bubble. Although 
the size of the measurement volume varies greatly among the techniques, UVP is 
the most effective in obtaining the velocity information for multiphase media.  

 Several demonstrations of two-phase  fl ow measurement are presented hereafter. 
Relevant information is the interface detection by ultrasound as mentioned in Sect. 
  7.2     and void pro fi ling with ultrasound as described in Sect.   7.3    . The speed of sound 
in multiphase  fl ow varies with local density and acoustic impedance. This problem 
is classi fi ed by the length scale of the ultrasound pulse relative to that in multiphase 
media. Here we are concerned only with the situation in which the ultrasound beam 
is not disturbed by the interfaces. 

    5.6.1   Slug Flow in a Horizontal Pipe 

 Gas–liquid two-phase  fl ow in a horizontal circular pipe has a nonaxisymmetric 
structure because of gravity, and strong unsteadiness from momentum interaction 
also occurs between the two phases. In this context, measurement of the internal 
velocity pro fi le as well as the phase distribution becomes more important than in the 
case of single-phase  fl ow. The method to measure the  fl owrate of two-phase  fl ow 
employing UVP is now elaborated. There are two types of techniques for realizing 
multiphase  fl ow metering. One is conversion to homogeneous  fl ow using a strong 
mixer installed before the section of the  fl ow metering device, by which the total 
 fl owrate is measured using  fl uid properties such as the corrected mean density and 
effective viscosity. The other method is the complete separation of the two phases 
before the  fl ow metering section using a separator, by which the  fl owrate of each 
phase is measured with an ordinary  fl ow meter for single-phase  fl ow. In comparison 
with these two methods, UVP does not require either a mixer or separator  [  95  ] . 
Originally, the  fl owrate of the phase  i  is de fi ned as

     ·i iQ f udA= ∫ ,   (5.20  )  

where   
  
f
i 
the volume fraction of phase  i  and  u  is the velocity pro fi le perpendicular to 

the cross section  A . As  u  is obtained by UVP,   
  
f
i  
 also measured by ultrasound that is 

re fl ected from the interface. Thus, the accuracy of  fl ow metering depends on the 
accuracy of the measurement of 

  
f
i  
   .

 Figure  5.67  shows a high-speed image of a single-bubble interface for slug  fl ow 
(a) and ultrasound signal pro fi les relevant to the interface (b) in the same synchronized 
instant. The measurement setup is the same as in the application in Sect. 7.2 . For slug 
 fl ow, the echo intensity is stably obtained because of the turbulent interface.  

 Figure  5.68  shows an example of a single gas bubble interface for slug  fl ow, 
which was measured by backlight computed tomography using an array of mirrors 

http://dx.doi.org/10.1007/978-4-431-54026-7_7#Sec6_7
http://dx.doi.org/10.1007/978-4-431-54026-7_7#Sec13_7
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 [  96,   97  ] . Using these computed tomography data, the accuracy of ultrasound 
 interface detection for different arrangement patterns of the measurement lines is 
examined numerically.  

 Figure  5.69  presents the arrangement patterns: a parallel arrangement, orthogo-
nal grid arrangement, triangular grid arrangement, and azimuthal arrangement. All 
these cases have 12 lines of ultrasound measurement for comparison. The values 
given in the  fi gure are the cross-sectional void fractions computed from the mea-
sured positions of interfaces; the values in parentheses are the differences from the 
true values. There are two methods of arranging measurement lines in each pattern: 
the one-way and two-way arrangements of ultrasound transducers. In the one-way 
method, the ultrasound line is from one side of a pipe wall to the other. In the two-
way method, there are ultrasound lines from both sides of the pipe wall so that the 

  Fig. 5.67    Interface detection for passage of a large gas bubble in slug  fl ow. ( a ) Backlight image.  
( b ) Detected interface       

  Fig. 5.68    Computed tomography (CT) measurement result of gas-phase structure for examination       

  Fig. 5.69    Arrangement patterns of UVP measurement lines for circular pipe       
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gas phase in the pipe is estimated more clearly although the number of transducers 
is doubled.  

 Figure  5.70  shows the relationship between the true void fraction and the void 
fraction measured by ultrasound. The true void fraction is computed from the com-
puted tomography data. For the same number of measurement lines, the simulation 
reveals that the two-way arrangement of measurement lines in the azimuthal direc-
tion (shown by solid circles), provides the best accuracy among six combinations of 
the conditions. Investigating such performance for a range of 1 to 36 measurement 
lines, the necessary number of measurement lines is determined such that error in 
the void fraction of less than 5% is guaranteed.  

 Figure  5.71  depicts the accuracy of the ultrasound liquid  fl owrate measurement 
in comparison with the liquid  fl owrate measured employing the volume method. 
The accuracy is relative error of 5% in the range shown.   

    5.6.2   Taylor Bubble in a Vertical Tube 

 A Taylor bubble is recognized as a simpler case of gas–liquid two-phase slug  fl ow, for 
which there is interesting physics around the bubble. UVP is applied to investigate the 
ensemble-averaged velocity vector  fi eld of the liquid phase for repetitive passage of 
the bubbles  [  98,   99  ] , while the individual  fl ow  fi eld, varies especially in the wake 
region owing to the nature of turbulence. The combination of tap water and room air 
is used under the condition of constant liquid temperature. The ultrasonic re fl ectors 
were low-density polyethylene particles with mean diameter of 160  m m and mean 
weight concentration of 0.0375 wt %. The test section had an internal diameter of 
54 mm and was located along a 3-m-long transparent tube (Fig.  5.72 ). Two ultrasonic 
transducers with basic frequency of 4 MHz and effective beam  diameter of 5 mm were 

  Fig. 5.70    Measurement uncertainty of void fraction       
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  Fig. 5.71    Comparison of 
liquid  fl owrate to volume-type 
 fl ow meter       

  Fig. 5.72    UVP measurement 
setup for vertical gas–liquid 
two-phase  fl ow [ 98 ]       
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 fi xed on the outside of the tube, at angles of plus and minus 20° from the horizontal 
plane. The equipment was submerged in a water tank to reduce ultrasonic attenuation. 
Thin styrene foam was  fl oated upon the water surface in the tank so that the signal-to-
noise ratio was maintained against acoustic noise because of the wavy surface. An 
electric sensor was used to detect the bubble passage in the tube, and UVP data were 
processed to obtain statistics of the velocity distributions.  

 Figure  5.73  shows an example of the velocity vector distribution inside the liquid 
phase around a Taylor bubble. Flow is quiescent above the bubble but strongly 
driven in the wake region and in the liquid  fi lm that clings to the internal wall of the 
tube. It should be noted that the setup for UVP in this situation often leads to dis-
torted velocity pro fi les and non-zero velocities at the wall owing to convolution of 
the ultrasound pulse with distance when it propagates through the solid wall mate-
rial; this can be corrected, for example, using a complex deconvolution procedure.  

 Figure  5.74  is an enlargement of the distribution of the velocity vector around the 
top of the bubble. Four cases in the  fi gure are for different vertical lengths of the 
bubble, which is understood to unimportant. In contrast, the wake structure is 
affected by the length of the bubble, as shown in Fig.  5.75 , because the liquid 

  Fig. 5.73    Entire  fl ow  fi eld [ 98 ]        
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 fl owrate inside the falling  fi lm beside the bubble changes with the length, and it 
sways the circulation of  fl ow in the wake region.   

 Figure  5.76  shows the measurement results for the change in viscosity  [  100  ] . The 
leftmost result is for water as the liquid phase, and the other results are for silicone 
oil with viscosity increasing toward the right side of the  fi gure. It is noted that the 
size of the vector is drawn relative to the velocity of the rising bubble, which is low 
in highly viscous liquid. In the case of water (i.e., the case of lowest viscosity), the 
falling  fi lm provides falling  fl ow near the wall beneath the bubble, and it raises the 
central  fl ow to form a large-scale circulation. In highly viscous cases, by contrast, 
the falling  fl ow hardly remains in the wake, and the bubble interface becomes a 
smooth curve at the bottom edge. As a result, the wake region has stationary  fl ow.   

    5.6.3   Vertical Bubbly Flow 

 Two-phase bubbly  fl ow in a vertical pipe has been one of the most fundamental  fl ow 
 fi elds in many industrial applications. The UVP has been also applied for the verti-
cal two-phase  fl ow. When the UVP is applied to a two-phase bubbly  fl ow, ultrasonic 

  Fig. 5.74    Flow around the 
top of the bubble [ 98 ]       
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pulses are re fl ected on both the seeding microparticles in the liquid phase and the 
gas–liquid interfaces. Hence, the velocity data measured by the UVP include the 
velocity information of both phases. Zhou et al.  [  101  ]  and Suzuki et al.  [  102  ]  devel-
oped a phase-separation technique, which is also a problem in laser Doppler ane-
mometry (LDA). By applying statistical methods to measured velocity pro fi les, 
detection of bubble position is made possible when the bubbles crossing the mea-
suring line. Here, examples of measuring liquid velocity distributions and Reynolds 
stress in the bubbly  fl ow are described  [  103  ] . The other technique for measuring 
multiphase  fl ow using a multi-wave transducer is shown in Sect.   7.1    . 

 The relationship between a bubble and the measurement line is illustrated in 
Fig.  5.77 .    If a bubble crosses the measuring line, a typical velocity pro fi le appears 
because of the relative velocity between liquid and bubble. In measurement of the 
countercurrent  fl ow, the rising velocity of the bubble is recorded as positive and the 
liquid main  fl ow velocity is recorded as negative. In co-current upward  fl ow, both 
velocities are positive. Therefore, a measurement position where the maximum 
velocity appears in the pro fi le can be considered as the gas–liquid interface in the 
typical velocity pro fi le. Based on this concept, liquid velocity distributions in bub-
bly  fl ow are obtained using statistical methods  [  102,   103  ] .  

  Fig. 5.75    Wake structure 
behind bubble [ 98 ]       
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 Figure  5.78  shows an example of ensemble-averaged liquid velocity pro fi le 
around a bubble in a vertical rectangular channel with width of 20 mm. The  J  

 L 
  and 

 J  
 G 
  are super fi cial liquid and gas velocities, respectively. The working  fl uids were 

air and tap water. The  fl ow was co-current bubbly  fl ow, and the temperature was 
kept at 20° ± 0.5°C. Nylon tracer particles with an average diameter of 80  m m 
were seeded in the water. The origin of the horizontal axis was set to the bubble’s 
surface (Fig.  5.77 ). The horizontal axis indicates the normal distance from the 
bubble’s surface having an inclination of 45° from the gravitational direction. The 
vertical axis indicates the normalized ensemble-averaged relative velocity between 
local liquid velocity and time-averaged liquid main  fl ow velocity at the same posi-
tion in the channel. The value was normalized by the relative velocity at the bub-
ble’s surface.  

 In the vicinity of a bubble, the liquid has a large velocity gradient in any  fl owrate 
conditions. The steep gradient of the liquid velocity is observed in the area less than 
2 mm away from the bubble’s surface as moving away from the bubble’s surface, 
the decrease in velocity becomes small and the local velocity gradually merges into 
the main  fl ow. It is also observed that this characteristic velocity pro fi le is indepen-
dent from  fl owrate conditions. 

 In understanding the liquid turbulent structure induced by bubbles motion, 
Reynolds stress is an important parameter. The Reynolds stress pro fi les can be 

  Fig. 5.76    In fl uence of difference in viscosity [ 100 ]       
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calculated from two-directional velocity components. The transducers (TDXs) 
were set at different angles (  q   

 1 
  and   q   

 2 
 ) from the axial  fl ow direction. The mean 

Reynolds stress pro fi les can be calculated as follows  [  104,   105  ] :

     cos sin ,Q U V= +� � �q q    (5.21  )  

     , ,U U u V V v= + = +� �
   (5.22  )  
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  Fig. 5.77    Coordinate system 
around a bubble       
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     1 1 1 2 2 2cos sin , cos sin ,q v u q v u= + = +q q q q    (5.23  )  

where     U�    and     V�    are the instantaneous horizontal and vertical velocities, and     Q�    is 
the instantaneous velocity along the measuring line.     U    and  u  denote the time-
averaged velocity and velocity  fl uctuation, respectively. Fluctuating velocity com-
ponents ( q  

 1 
  and  q  

 2 
 ) on the two measuring lines are calculated by Eq. ( 5.21 ). If   q   

1
  

equals   q   
2
 , based on Eqs. ( 5.21 )–( 5.23 ), the Reynolds stress yields the following:

     

2 2
1 2

'2 '2
1 2 ,

2sin 2 2sin 2

qq q
uv

q−−
− = =r r r

q q    (5.24  )  

where  q’  denotes the standard deviation of the velocity  fl uctuation along the mea-
surement line direction. 

 Figure  5.79  illustrates the test section located between the upper tank and air–
water mixer. The size of the vertical rectangular channel is 100 × 20 × 1,700 mm 3 . 
Two TDXs were installed on the outer surface of the test section with a contact 
angle of 45° off the vertical, one facing upward and the other facing downward. The 
outer surface of the test channel and the TDXs were submerged to equalize the 
acoustic impedance.  

 Reynolds stress pro fi les measured in single-phase and two-phase bubbly  fl ows 
are shown in Fig.  5.80 . The Reynolds stress increases with Reynolds number ( Re ). 
It is found that the Reynolds stress pro fi les are affected by the bubble injection such 
that the values of the Reynolds stress increased with the bubble injection. The dif-
ferences between the values of the Reynolds stress in a single-phase  fl ow and that in 
a bubbly  fl ow decrease as the liquid  fl owrate increases. Furthermore, the Reynolds 
stress is signi fi cantly affected near the wall ( y / D  < 0.4). These results show that 
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  Fig. 5.79    Schematic diagram of the test section       

 



186 Y. Tasaka et al.

 bubble injection plays a major role in turbulence, particularly around the near-wall 
region; this effect decreases with a decreasing liquid  fl owrate.  

 Speed of sound in bubbly  fl ow changes with void fraction, but it also depends on 
temperature of water when bubbly  fl ow in boiling condition is targeted (see 
Sect. A.1). In such a case it becomes very important to continuously measure the 
speed of sound along the pulsed beam axis.   

    5.7   Turbidity Flow 

 Turbidity  fl ow is de fi ned as  fl ow of seawater and river water in this chapter. Large 
amounts of water are utilized in the generation of electricity in electric power plants, 
including nuclear, thermal, and hydropower stations. Accurate  fl owrate measure-
ments of the major process systems in such power plants are important to evaluate 
plant performance accurately. Electric power output can be uprated by increasing 
the  fl owrate in process systems, which requires accurate  fl ow measurement. In addi-
tion, accurate evaluations of equipment performance enable utility companies to 
reduce maintenance costs by optimizing equipment maintenance intervals. The 
environmental impacts of discharges from power plants have also attracted attention 
recently. 

 Recently, ultrasonic Doppler method has been gaining popularity as the basis for 
state-of-the-art  fl ow meters because it captures the instantaneous velocity pro fi le 
along the ultrasonic beam path in the pipe  [  106–  108  ] . In addition, it can be applied 
by a clamp-on device that is noninvasive and considered to be suitable for measur-
ing the  fl owrate in actual power plants. 
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  Fig. 5.80    Reynolds stress pro fi les. ( a ) Single-phase  fl ow. ( b ) Two-phase bubbly  fl ow [ 103 ] 
(reprinted by permission of the publisher (Taylor & Francis Ltd,   http://www.tandf.co.uk/
journals    ).)       
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    5.7.1   Background of Flowrate Measurements 
at Hydropower Plants 

 Pitot tubes have been widely used for several years to measure the  fl uid velocity in 
power plant water supply. The  fl ow rates in steel penstocks have been used to calcu-
late the ef fi ciency of hydraulic turbines in power plants  [  109  ] . However, installation 
of Pitot tubes requires the shutdown of the plant and system drain-down to insert the 
Pitot tube into the steel penstock. The require downtime results in a signi fi cant loss 
of power generation. Also, many experts are required to install and take measure-
ments from the Pitot tubes. In addition, sensor holes on the Pitot tubes are likely to 
become clogged with dust or sand from river water. At present, the use of transit-
time ultrasonic  fl ow meters is predominant, replacing Pitot tubes. The underlying 
principle of transit-time ultrasonic  fl ow meters requires a meter factor, that is, a cor-
rection factor, to derive the  fl owrate from the ultrasound transit time between two 
ultrasonic transducers. This meter factor is heavily in fl uenced by the velocity pro fi le 
across the pipe. As a result, large measurement errors may result if the  fl ow pattern 
is different from the reference case used at the factory, or if the inner surface the 
pipe is very rough compared to reference patterns. In contrast, the ultrasonic Doppler 
method can measure the velocity pro fi le of the  fl uid using a transducer installed on 
the outer surface of a pipe and does not require this kind of correction factor to cal-
culate the  fl owrate. This method allows highly accurate measurements and does not 
affect process systems. In addition, the installation costs are signi fi cantly more tol-
erable because no plant shutdown is required, and this is, therefore, an attractive and 
practical measuring method.  

    5.7.2   Flowrate Measurements in Steel Penstock 
at Hydropower Plants 

 At present, the use of transit-time ultrasonic  fl ow meters is predominant, replacing 
Pitot tubes for  fl owrate measurement in steel penstock. Tezuka et al.  [  110,   111  ]  and 
Suzuki et al.  [  112  ]  are doing research on the application of ultrasonic Doppler 
method for an actual power plant. 

    5.7.2.1   Installation of Ultrasonic Transducer on Pipe 

 Ultrasonic parameters should be carefully selected depending on the pipe size, wall 
thickness, and  fl ow velocity to obtain suf fi ciently strong ultrasonic echoes. A major 
dif fi culty in measurements in large piping is that the Nyquist constraint balancing 
between maximum measurable depth and maximum measurable velocity becomes 
very challenging. Ultrasonic transducers are installed on the surface of the steel 
penstock using a Plexiglas wedge with an angle of inclination  q , and the velocity 
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pro fi les inside the steel penstock are measured along the ultrasonic beam path. 
Figure  5.81  shows the layout of the ultrasonic transducers and the ultrasound beam 
path used in the  fi eld tests.  

 The incidence angle of ultrasonic transducers is de fi ned as the angle between the 
transducer and a line perpendicular to the pipe surface. This angle is set between 30° 
and 35°, which is greater than the critical angle of a longitudinal wave in the pipe 
wall. The ultrasonic transducer is braced by an ultrasonic wedge made of Plexiglas 
in which the speed of sound is approximately 2,700 m/s at 20°C. The wedge is 
 fi rmly held on the pipe surface by steel bands. The material that couples the wedge 
and the pipe surface is very important for good ultrasonic transmission because the 
surface of steel penstocks is very rough from extended exposure to severe natural 
conditions. In some cases, a couplant for shear wave transducer or a metal foil is 
used to achieve  fi rm contact between the wedge and the pipe wall. Any pipe coating 
should be removed before mounting ultrasonic transducers to maximize ultrasonic 
transmission through the pipe wall. The center frequency of ultrasonic transducer is 
designed to be around 0.5 MHz, the number of cycles per pulse is around 6, and the 
sensor diameter is around 50 mm. This is a relatively large transducer compared to 
that used in laboratory experiments because a large transducer is preferable in terms 
of sensor sensitivity and the divergence angle of the main lobe of ultrasound. The 
divergence angle should be as small as possible for a large pipe to produce a strong 
echo from the far side of the pipe.  

    5.7.2.2   Injection of Tracer Particles into Fluid 

 River water has only a small number of particles to function as ultrasonic re fl ectors, 
which are required for ultrasonic Doppler method. Therefore, suf fi cient quantities 
of miniature air bubbles should be injected into the steel penstock. Miniature  bubbles 
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  Fig. 5.81    Schematic diagram of ultrasonic transducer installed on pipe surface  [  110  ]        
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are generated in the pipe inlet. A mixture of water and air goes into a Venturi nozzle, 
producing microbubbles at the outlet of the nozzle. The water injection rate is 
0.03 m 3 /min, and the amount of air is controlled so that the volumetric void fraction 
in the main  fl ow is high enough to produce Doppler signals. When a mixture of 
water and air passes through the nozzle throat, air bubbles are compressed by the 
sudden increase of static pressure at the nozzle throat and fragmented into multiple 
bubbles by the turbulence downstream of the Venturi neck. Cavitation bubbles are 
also expected to form at the interface between the water jet and the static water. The 
design of the injection nozzle is not completely optimized; however, it did function 
well enough to create bubbles small enough to work as ultrasonic re fl ectors. Those 
tiny bubbles are suitable for enabling measurement by ultrasonic Doppler method. 

 Figure  5.82  shows the experimental results of observing bubble generation 
through the Venturi nozzle with the  fl owrate of 50 l/min and 0.5 MPa. Bubbles are 
generated at the nozzle throat,  fl owing and diffusing into the mainstream. Bubble 
diameters are estimated as about 10–30  m m.   

    5.7.2.3   Flow Pro fi le Measurements at Hydropower Plants 

 Velocity pro fi le measurements are conducted across a horizontal diameter at approx-
imately 9D (D, diameter of the pipe) from the inlet of the steel penstock with the 
pipe diameter of 1.2 m at actual power plants. Microbubbles are injected at the inlet 
of the steel penstock. In addition to the measurements at position 9D,  fl ow rates 
were also measured at 15D. Figure  5.83  shows the actual attachment of ultrasonic 
transducers on the pipe surface at a hydropower plant.  

 A comparison of the velocity pro fi les at the same generating power at the hori-
zontal diameter positions 9D and 15D is shown in Fig.  5.84 . Compared with 9D, 
the  fl ow velocity pro fi le at 15D is approaching full development, faster in the 
central region and slower adjacent to the pipe wall; this indicates that the ultrasonic 
Doppler method can detect the pro fi le difference resulting from the distance from 
the inlet of the steel penstock.  

 A comparison of the velocity pro fi les measured by Pitot tube and by ultrasonic 
Doppler method is shown in Fig.  5.85 . Pitot tube  fl ow rate measurements were con-
ducted radially at  fi ve different points. Although the Pitot tube measurement was 
carried out about 30 years ago, these velocity pro fi les are in good agreement.    

  Fig. 5.82    Photograph of microbubbles generated at the throat of a Venturi nozzle  [  106  ]        
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    5.7.3   Flowrate Measurements of Open Channels 

 Wada et al.  [  107  ] , Ito et al.  [  108  ] , and Yokoyama et al.  [  113  ]  are conducting research 
on  fl owrate measurement of open channel  fl ow such as in a river. Figure  5.86  shows 
a photograph of a river located upstream of a hydropower station and transducers 
that were applied for  fl owrate measurements. The correctional dimensions of the 
river are 5 m × 4 m and the mean velocity of the river  fl ow is around 2 m/s. The result 
of  fl owrate measurements using the ultrasonic Doppler method and a propeller 
meter is illustrated in Fig.  5.87 . As a reference meter, a propeller meter was tra-
versed over the river cross section to obtain a velocity pro fi le of 25 measuring points. 
A calibration test on site and improvement of the bubble injection system are 
expected in the future.     

  Fig. 5.83    Ultrasonic transducer and wedge installed on the surface of a steel penstock (reprinted 
from [ 111 ] with permission from Elsevier)       

  Fig. 5.84    Velocity pro fi les at the horizontal diameter positions of 9D and 15D  [  110  ]        

 

 



  Fig. 5.85    Comparison of velocity pro fi le for 400 kW between Pitot tube and ultrasonic Doppler 
method  [  110  ]        

  Fig. 5.86    The river located upstream of a hydropower station and transducers  [  107  ]        

  Fig. 5.87    Comparison of  fl owrate between using a propeller meter and the ultrasonic Doppler 
method  [  107  ]        
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    5.8   Biomedical Fluid Flow 

    5.8.1   Steady Flow of Non-Newtonian Fluid in an Elastic Tube 

 Non-Newtonian  fl uid  fl ow characteristic investigations in in fl atable and collapsible 
elastic tubes are relevant to bio- fl uid mechanics encountered in the human body 
such as blood  fl ow in arteries and veins, food  fl ow in pharynx, esophagus, and 
small intestine, and other applications. The  fl ow behavior in elastic tubes depends 
on many aspects such as  fl uid microstructural properties, elastic tube solid mechan-
ics, deformed tube interaction with  fl uid  [  114  ] , and applied stresses inducing  fl uid 
 fl ow  [  115  ] . Flow  fi eld measurement in collapsible tubes has been little performed 
because of the lack of applicable methods. UVP (pulsed ultrasound Doppler-based 
velocity pro fi le) is a noninvasive method for measuring the instantaneous velocity 
pro fi le in liquid  fl ow along the ultrasonic beam axis  [  24  ] . This method has been 
extensively used by several authors to measure the velocity pro fi les of the steady 
 fl ow of non-Newtonian  fl uids and particulate suspensions in noncollapsible tubes 
or pipes  [  56,   74  ] . 

 We encountered the challenge and successfully applied the UVP technique for 
monitoring steady and unsteady  fl ow  fi elds through a collapsible elastic tube as 
demonstrated by Nahar et al.  [  116  ] . The study included the velocity pro fi le 
measurement of a shear-thinning carboxymethyl cellulose (CMC) aqueous solu-
tion for steady laminar  fl ow through a collapsed elastic tube (20 mm ID, 1 mm 
thick, 320 mm long) using a Starling Resistor setup. As the external pressure  P  

e
  

increased higher than the critical value, the tube buckled from the circular shape 
(Fig.  5.88a ) into a line or area contacted two-lobed shape (Fig.  5.88b ). The trans-
mural pressure  P  

tm
  (outlet pressure in tube  P  

0
  −  P  

e
 ) at the downstream was more 

negative than that at the upstream (inlet pressure in tube  P  
i
  −  P  

e
 ) because  P  

0
  

decreased due to strong tube collapse with reduced cross-sectional area A. The 
compressive transmural pressure of about −30 mbar at the downstream results in 
a decrease in A about an order of magnitude from that of the undeformed tube, 
and the corresponding maximum  fl ow velocity at the tube center increased by 
about a factor of two.  

 The measured velocity pro fi les in the undeformed tube were found to be para-
bolic (Fig.  5.88c ). In contrast, a two-lobed tube shape was formed at an applied 
external pressure  P  

e
  of about 105 mbar, and a bimodal velocity pro fi le (Fig.  5.88d ) 

was obtained for the corresponding tube shape in the plane above the horizontal axis 
of tube center. The observed two-lobed shape was nearly symmetric, and the maxi-
mum velocity in both lobes increased about a factor of two over that in the unde-
formed circular-shaped elastic tube.  



1935 Practical Applications

    5.8.2   Peristaltic Flow of Non-Newtonian 
Fluid in an Elastic Tube 

 The in vitro investigation of a modeled small intestine is under progress based on 
the  fl ow behavior of a non-Newtonian  fl uid during peristaltic propulsion through 
an elastic tube, which enables understanding of the interaction between wall 
motion and  fl uid  fl ow. Peristaltic  fl ow is the essential physiological transport 
mechanism encountered in the most tubular organs of the human body, such as 
swallowing food through the esophagus, the transport of urine from the kidney to 
the bladder through the ureter, and the carrying and mixing motion of the chyme 
in the small intestine  [  117  ] . Some experimental and theoretical features of peri-
staltic  fl ow were studied extensively by several authors using Newtonian  fl uids 
 [  117–  119  ] . For more realistic non-Newtonian  fl uid systems, systematic work is 
still lacking. However, most of the physiological  fl uids and foods are known to be 

  Fig. 5.88    ( a ,  c ) Elastic tube shapes obtained by tube shape image analysis (computed tomogra-
phy) during CMC solution steady  fl ow ( Q  = 17 ml/s) and the corresponding velocity pro fi les as a 
function of channel numbers (channel width and distance are 0.38 mm) along the tube diameter for 
undeformed elastic tube at  P  

e
  = 18 mbar ( b ,  d ) and deformed elastic tube at  P  

e
  = 105 mbar (reprinted 

from [ 116 ] with permission from Elsevier)       
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non-Newtonian, and their rheological properties (shear and extensional viscoelas-
ticities) play an important role in the peristaltic  fl ow characteristics. The peristal-
tic transport of a power law  fl uid in an axisymmetric porous tube was studied 
theoretically under lubrication analysis, where the effect of shear-thinning and 
shear-thickening properties of  fl uid were investigated on peristaltic pumping, 
trapping, and re fl ux phenomena  [  120  ] . 

 In vitro small intestinal  fl ow characteristics of the non-Newtonian model  fl uid 
have been investigated by transient ‘3-wave’-squeezing of an elastic tube using a 
special experimental setup (Fig.  5.89 ). The peristalsis involves both contraction and 
expansion type of  fl ow (trough and crest of a wavelength), and the UVP technique 
has been implemented for investigating appropriate peristaltic propulsion of a shear-
thinning  fl uid in an elastic tube. The experiment was carried out under different 
speeds of peristalsis while moving the peristaltic wave in both directions (left to 
right or right to left, depending on study interest). The velocity pro fi les were moni-
tored both in the crest and trough zone with the ultrasound transducer positioned at 
different optimized positions in moving and  fi xed frames. The results indicated that 
higher wave speed of peristalsis resulted in higher radial velocity, which is of 
speci fi c interest in improvement of mixing and mass transfer of nutrients. Maximum 
radial velocity was detected near the tube wall (Fig.  5.90a ) because the moving roll-
ers to impose the peristalsis were in direct contact with the tube wall.   

−2.5

−2

−1.5

−1

b
−0.5

0 20 40 60 80 100

N
or

m
al

iz
ed

 fl
ow

 v
el

oc
ity

5 mm/s
7 mm/s

10 mm/s

Channel (−)

a

−15

−10

−5

0
3 mm/s
5 mm/s
7 mm/s
10 mm/s

0 20 40 60 80 100
Channel (−)

F
lo

w
 v

el
oc

ity
, m

m
/s

  Fig. 5.90    ( a ) Experimentally measured velocity pro fi les. ( b ) The corresponding normalized 
velocity pro fi les in the wave crest with horizontal position of the ultrasound transducer under 
different speeds of peristalsis as the peristaltic wave moved from right to left       
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1955 Practical Applications

 The accuracy of the measurement was high enough, which was con fi rmed by 
symmetric and overlapping feature of the normalized velocity pro fi les at different 
peristaltic speeds (Fig.  5.90b ). 

 The velocity pro fi les were also measured at the second wave trough (of the 
‘3-wave’-squeezing; Fig.  5.89 ) having the same history of wave propulsion as the 
peristaltic wave moving in both directions (Fig.  5.91a : left to right; Fig.  5.91b : right 
to left). Here again the higher wave speed of the peristalsis resulted in higher radial 
velocity with a negative/positive magnitude at the peak value depending on the 
direction of wave speed, which can be an indication of existence of local back  fl ow. 
The measured velocity pro fi les are seen to be mirror image of each other while peri-
staltic motion is altering the moving direction. In both cases the magnitude at the 
peak value remains the same (opposite sign indicating the moving direction), which 
also improves the good focusing and positioning of the ultrasound transducer and 
the measurement accuracy as well.  

 Further research will be interesting to couple the detailed knowledge gained 
about non-Newtonian peristaltic  fl ow with mass transport investigations across an 
elastic membrane tube wall.       
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  Abstract   Because of many advantages of ultrasonic velocity pro fi le (UVP) 
 measurement, the range of industrial applications is very wide. In this chapter, 
 fl owrate measurement, food and suspension  fl ow, and measurement around a ship are 
introduced as examples of applications for UVP measurement in the industrial  fi eld. 
In the  fi elds of  fl owrate measurement, studies concerning with the accuracy of this 
 fl owrate measurement method and calibration results of an actual  fl ow are described, 
including application examples such as open channel and multi-line measurement. In 
the  fi eld of food and suspension  fl ow, taking advantage of its applicability to opaque 
 fl uid, a velocity measurement is performed for  fl uid such as tomato soup and choco-
late. Using the in-line UVP + PD method, measurements of transient  fl ow such as 
thermal processing and liquid displacement, which are very important in the food 
industry, are performed. Measurement around a ship is an application example taking 
advantage of the compact installation possible for an ultrasonic sensor. Ultrasonic 
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transducers are installed on the bottom of the actual ship, and measurement examples 
of velocity pro fi le and Reynolds stress are introduced.  

  Keywords   Flowrate  •  Food  •  Ship      

    6.1   Flowrate Measurements 

    6.1.1   Overview and Problems of Current 
Ultrasonic Flow Meters 

 The ultrasonic  fl ow meter is used in many places in industry these days because it 
has many advantages over other types of  fl ow meter as a result of small pressure 
loss, wide range of  fl owrate and pipe size, clamp-on installation, and free mainte-
nance, etc. On the other hand,  fl owrate given by ultrasonic  fl ow meter is strongly 
in fl uenced by the velocity pro fi le in the pipe. There is a possible erroneous value 
measured if the velocity pro fi le in the pipe is not realized as expected because of 
such factors as distorted  fl ow and swirl  fl ow. This disadvantage might be over-
come by adopting multiple line measurement. It is, however, limited by space 
limitation on installing transducers on a pipe wall, as well as the high cost of 
instrumentation. 

 Basically, a volumetric  fl owrate is estimated from the bulk velocity of  fl owing 
 fl uid multiplied by the cross-sectional area of the pipe. There are several methods to 
measure bulk velocity. For instance, an electromagnetic  fl ow meter measures an 
electromotive force that is in proportion to the bulk velocity. A turbine  fl ow meter 
adopts a measurement of the rotating speed of the turbine installed in the  fl ow that 
is proportional to the bulk velocity. 

 An ultrasonic  fl ow meter currently on the market is based on a transit-time 
method; it measures the bulk velocity using line-averaged velocity information 
along the ultrasonic path. The principle of the transit-time ultrasonic  fl ow meter is 
shown in Fig.  6.1 .  

 Flowrate  Q  is obtained by measuring a time-of- fl ight (TOF) shown as  t  
 A → B 

 ,  t  
 B → A 

  
between the transducer  A  and  B  and estimated as
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 Here,  V  
b
  is a bulk velocity,  V  

L
  is a line-averaged velocity along the ultrasonic path, 

 A  is an area of the pipe, and  k  is a correction factor to assumption of the velocity 
pro fi le. As is noted from the equations, only a line-averaged velocity is measured in 



2036 Industrial Applications

the  fl ow meter. Then, the  fl owrate estimation needs to use a correction factor  k  to 
compensate departure from the assumption on the velocity pro fi le in a pipe. The use 
of this correction factor is a fundamental problem of the principle of this type of 
 fl ow meter and makes it dif fi cult to realize high accuracy for the results. 

 It is well known that a velocity pro fi le in a pipe changes depending on upstream 
conditions such as straight pipe length and some obstacles. Moreover, a velocity 
pro fi le depends on the Reynolds number of the  fl ow. Therefore, the correction factor 
 k  has to be calibrated and adjusted by the  fl ow condition, which induces regressively 
a degradation of the measurement accuracy of the  fl ow meter. Manufacturers nor-
mally suggest and require keeping a suf fi cient upstream length from the installation 
point to realize a nominal high accuracy. In reality, this is dif fi cult to do, and the 
condition depends on the site of installation. Moreover, the effect of the temperature 
and viscosity of the working  fl uid must be incorporated into an accuracy estimation. 
These dif fi culties are intrinsic disadvantages of the current ultrasonic  fl ow meters.  

    6.1.2   Flowrate Measurement by the UVP Method 

    6.1.2.1   Principle 

 The development of an ultrasonic  fl ow meter based on the velocity pro fi le measure-
ment was started in the 1990s for a pipe  fl ow, and then development studies were 
made for a wide range of  fl ow  fi elds. The feature that no correction or calibration is 
needed is revolutionary because the measurement is not in fl uenced by an upstream 
condition of the  fl ow channel. Here we describe a  fl owrate measurement for a  fl ow 
in a circular pipe. 

L

A

B

Ultrasonic Transducer

D

tB→A

tA→BFlow
a

  Fig. 6.1    Schematic of transit-time ultrasonic  fl ow meter       
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 Flowrate is de fi ned as a volume of  fl uid passing a cross section of the pipe where 
a velocity is distributed. Using a cylindrical coordinate system, it is given as the fol-
lowing equation:

     
( ) ( , , ) d dzQ t V r t r r= ∫∫ q q

   (6.3   )   

 Here we assume that a  fl ow is axially symmetric and the axial component  V  
 z 
  is one 

dimensional, only neglecting the radial component  V  
r
  (=0). A  fl owrate can be esti-

mated by measuring the velocity pro fi le in pipe with measurement angle   a  :

     
( ) 2 ( , ) / sin( ) dzQ t V r t r r= ∫p a

   (6.4   )   

 This result indicates that a  fl owrate measurement based on velocity pro fi le measure-
ment is simpli fi ed to require only a single measurement line of UVP. It should be 
noted that, in most cases where a conventional  fl ow meter is installed,  fl ow condi-
tion for the assumption adopted here is realized because the assumption is also 
involved a priori for those instrumentations. It is therefore promising that this 
method might eliminate a problem of using  k  factor [correction factor in Eq. ( 6.1 )]. 
This idea also implies that the  fl owrate measurement is not affected by upstream 
condition and Reynolds number. 

 Another advantage of the UVP method is its capability of clamp-on-type of 
installation on the existing pipe, which is a characteristic of conventional  fl ow 
meters other than the ultrasonic  fl ow meter.  

    6.1.2.2   Measurement Example 

 The con fi rmation experiment was performed  [  1  ]  using a pipe  fl ow where the valve 
installed downstream of the test section was switched on and off. The obtained 
 fl owrate was compared with data measured by an electromagnetic  fl ow meter and 
an ori fi ce  fl ow meter operated simultaneously on the same line (Fig.  6.2 ). It is 
clearly shown that the temporal response of the  fl owrate measurement is as good as 
that of the ori fi ce  fl ow meter to show good agreement of even a small  fl uctuation 
of the  fl ow. This result indicates that this type of  fl ow meter might be suitable for 
measuring the transient behavior of  fl ow loops in plants.  

 Regarding the accuracy of measured  fl owrate, a time-averaged value of such 
time-dependent results can only be studied in comparison with the data at any 
 fl ow calibration standard of meteorological of fi ces. One such typical comparison 
was performed by Mori et al.  [  1  ]  at NIST, which shows an excellent result within 
a difference of about 0.1%. The accuracy of this method is discussed later in this 
section. 

 Application to a large pipe was tested by Tezuka et al.  [  2  ]  for a pipe diameter of 
2 m at a hydraulic electric power plant. The result was compared with Pitot tube 
measurement (Fig.  6.3 ). The detailed measurement method is described in Sect.   5.7    . 

http://dx.doi.org/10.1007/978-4-431-54026-7_5#Sec48_5
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Flowrate measurement in a very large pipe is dif fi cult because the  fl ow meter to be 
used cannot be easily calibrated and, on site, entry length upstream of the  fl ow meter 
is not suf fi ciently long to ful fi ll the installation conditions. Flow metering using the 
UVP principle is promising in this application also because it does not require a 
long upstream length.   

    6.1.2.3   Application Example 

      Flowrate Measurement by Multi-line Method 

 Single-line  fl ow metering assumes axisymmetry of the  fl ow in a pipe, as was already 
given. However, it is well known that upstream pipe con fi guration such as 
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  Fig. 6.2    Example of  fl owrate measurement by UVP method  [  1  ]  (with kind permission from 
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T-branching or bends induces asymmetry of the velocity distribution, which remains 
even over a long distance of the  fl ow channel. Use of a  fl ow straightener or a  fl ow 
recti fi er such as a perforated plate hardly helps to compensate for this  fl ow asym-
metry. This con fi guration often degrades the accuracy of the measured results. To 
cover this discrepancy and to maintain high accuracy, multiple measurement lines 
are used. The method corresponds to performing integration on the azimuthal 
 direction in the basic de fi nition equation ( 6.1 ). The basic equation to calculate 
 fl owrate using  N  measuring lines is

     { }( ) ( , , ) / sin( ) d= Δ∑ ∫ zQ t V r t r raq q    (6.5   )   

 Here,  D   q   = 2 p / N , where  N  is the number of measurement lines. Multiple-line  fl ow 
metering was studied by Wada et al.  [  3  ]  on the effect of upstream bends in terms of 
measurement accuracy with respect to the number of measurement lines at various 
upstream distances (Figs.  6.4  and  6.5 ). At 8 D , just after the bend, symmetry of the 
 fl ow is broken, and single-line  fl owrate measurement gives a scattering of the results 
depending on the azimuthal position of the measurement line. Even at 96 D , the accu-
racy cannot reach below 1%. However, with three measurement lines, accuracy has 
been improved signi fi cantly below 1%. They also concluded that three measurement 
lines on the diameter, that is, six radii ( N  = 6), can reduce the accuracy to the signi fi cant 
level and a larger number of measurement lines is not necessarily effective.    
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  Fig. 6.4    Flowrate measurement by multiple lines         [  3  ]  (reprinted by permission of the publisher 
(Taylor & Francis Ltd,   http://www.tandf.co.uk/journals    ).)
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      Flowrate Measurement by Hybrid Method 

 In some industrial applications of  fl owrate measurement, it is not expected to have 
a suf fi cient amount of tracers in the  fl uid. To compensate for the weakness of the 
UVP method, which requires tracers, there is a hybrid system in which the UVP 
method can be used in combination with the TOF method  [  4  ] . This combination is 
complementary for both methods. Where the  fl uid includes too many bubbles, the 
TOF method does not work, whereas the UVP method works when there are too few 
bubbles. It is also possible to perform a simultaneous evaluation of  k  factor for the 
TOF-type  fl ow meter when the UVP method can obtain a velocity pro fi le and evaluate 
the  fl owrate on site. A commercial product using this concept has been developed 
and marketed by Fuji Electric  [  5  ] .  

      Flowrate Measurement at an Open Channel 

 Flow with a free surface such as an open channel and partially  fi lled pipe  fl ow can 
be found in many places and situations in nature and industry, for instance, in rivers, 
agricultural canals, and water and sewer services. Flowrate measurements in these 
con fi gurations are normally performed by using a weir  fl ow meter,  fl ume-type and 
transit-time ultrasonic  fl ow meters, and others. All these  fl ow meters require use of 
a correction factor that modi fi es the measured value in comparison with an ideal or 
theoretical  fl ow situation. In some cases, this correction factor is based on calibra-
tion, although such calibration is dif fi cult to perform with high accuracy. Moreover, 
the time-dependent variation of the surface condition affects the accuracy to a large 
degree, and in a natural environment the geometric condition of the  fl ow channel 
changes with time. Therefore, it is implausible to be able to provide a  fl ow meter 
with high accuracy for these con fi gurations. Flowrate measurement using UVP can 
be adopted for such  fl ow con fi gurations because it is based on direct measurement 
of the velocity pro fi le and does not rely on the use of a correction factor. It is also 
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advantageous that change in geometry of the  fl ow channel would hardly in fl uence 
the measured results. Tasaka et al.  [  6  ]  measured  fl owrate in an open channel and 
indicated that measurement accuracy can be obtained as high as 4% compared to a 
reference  fl owrate. Figure  6.6  shows an experimental apparatus for  fl owrate mea-
surement at an open channel.     

    6.1.3   Measurement Accuracy of Flowrate 
by the UVP Method 

 Theoretical veri fi cation of measurement accuracy of  fl owrate using the UVP method 
was made by several researchers. Ohkubo et al.  [  7  ]  discussed    the error caused by 
discretization of the measuring point and by unsteadiness of the  fl ow. They con-
cluded that, with suf fi cient number of data points in the  fl ow area and careful aver-
aging time with respect to the temporal characteristics of the  fl ow, total measurement 
accuracy of  fl owrate much less than 1% can be achieved. Yamanaka et al.  [  8  ]  dis-
cussed the error caused by the measurement volume determined by beam size and 
pulse length. They concluded that this error is also about 1%. 

 A calibration using an actual  fl ow was also performed to verify the accuracy of 
the UVP method. Before showing the results, an actual calibration method of a 
liquid  fl ow meter is described here. A weighing method or a gravitational method is 

3000

1900

75
0

US Transducer

φ
05

Ud-Flow

Flow

a

b c

Pump

x x

Qr

u

z

y

mm

PC
Tank

US Transducer

θ

ξ

υξ

8

300

PC

UVP

06

56ο

05

  Fig. 6.6    Flowrate measurement at an open channel. ( a ) Schema of the facility. ( b ) Inlet section of 
the channel. ( c ) Con fi guration of the ultrasonic transducer       

 



2096 Industrial Applications

generally used for a liquid  fl ow meter. These methods can calibrate an integrated 
value over some period of time but not an instantaneous value. In the weighing 
method, water  fi lls a tank, normally called the weighing tank, for some time inter-
val. The time-averaged  fl owrate is obtained by the volume converted from weight 
accumulated in the weighing tank divided by the measurement time. The actual  fl ow 
calibration is carried out by a comparison between the  fl owrate by a meter under test 
and this standard  fl owrate. 

 The calibration facility of  fl owrate by weighing method at AIST, NMIJ in 
Japan, is described by Furuichi et al.  [  9  ] . Figure  6.7  shows a  fl ow sheet of a 
 fl owrate calibration facility in NMIJ. From the over fl ow head tank, stable  fl ow is 
supplied to the test section and the reference standard  fl owrate is obtained by the 
weighing system located downstream of the test section.  

 Regarding the accuracy of the meter under test, a deviation index  E  from a refer-
ence  fl owrate is de fi ned as

     ( ) /DUT Ref RefE Q Q Q= −    (6.6  )  

where the subscript DUT is the value indicated by the meter under test and Ref is 
the reference standard  fl owrate. The deviation means the difference between the 
 fl owrate indicated by the meter under test and the reference  fl owrate. A smaller 
deviation indicates higher accuracy of the meter. This index includes not only the 
error or inaccuracy by velocity pro fi le but also other systematic errors caused by 
measurement of pipe diameter, measurement time, and other sources. On the other 
hand, the standard uncertainty of calibration is obtained by combining uncertainty 
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of the calibration facility  u  
F
  and standard deviation of calibration   s   according to 

GUM  [  10  ] :

     
2 2 /DUT Fu u n= + s

   (6.7   )   

 This is, however, an uncertainty of the calibration coef fi cient but not an accuracy of 
the  fl ow meter under test. 

 For estimating the uncertainty of a  fl ow meter, not only uncertainty by calibration 
as expressed by Eq. ( 6.7 ) but also deviation from reference  fl owrate, as 
Eq. ( 6.6 ), must be combined. Furthermore, other factors such as repeatability and 
reproducibility that arise from the protocol of the calibration procedure must also be 
included. If necessary, the effects of upstream pipe condition such as elbows and 
valves, and the surface roughness of the pipe, effect of temperature, and pressure of 
working  fl uid should be included. It is recommended to use GUM in the detailed 
estimation of uncertainty of the  fl ow meter. 

 The calibration results for  fl owrate measurement by the UVP method at the 
national standard are given by Tezuka et al.  [  11  ] . Examples of the calibration results 
are shown in Table  6.1 . The calibration was made at NIST in the USA and NMIJ in 
Japan. They reported that a deviation from the reference  fl owrate is as low as 
−0.534% to 0.421%. This  fi nding indicates that  fl owrate measurement by the UVP 
method can work well with high accuracy because this measurement method is a 
direct measurement of the volumetric  fl owrate and needs no correction factor to 
obtain the  fl owrate.    

    6.2   Food and Other Suspension Flow 

    6.2.1   Transient Flows and Process Monitoring 

 Technical advances in recent years in electronics but also optimized processing have 
enabled real-time process monitoring and control. The UVP + PD method can thus 
now be used to monitor changes in rheology, with respect to changes in pro fi le 

   Table 6.1    Examples of calibration at national standard (reprinted from  [  11  ]  with permission from 
Elsevier):  upper , NIST;  lower , NMIJ   

 Average  fl owrate of 
reference meter (l/min) 

 Average  fl owrate 
of UdFlow (l/min) 

 Deviation 
(%) 

 Combined standard 
uncertainty (%) 

 Expanded 
uncertainty (%) 

 69.611  69.634  0.032  0.1541  0.308 

 Average  fl owrate of 
reference meter (l/min) 

 Average  fl owrate 
of UdFlow (l/min) 

 Deviation 
(%) 

 Combined standard 
uncertainty (%) 

 Expanded 
uncertainty (%) 

 2,000.5  2,000.8  0.421  0.1442  0.288 
 1,512.7  1,508.2  −0.294  0.0390  0.078 

 986.1  984.6  −0.147  0.0890  0.178 
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shape and in rheological parameters, in industrial unit operations such as rapid 
startup or shutdown of the process, crystallization and liquid displacements during 
rinsing or product change, in-line mixing, and thermal processing. 

    6.2.1.1   Polymer Melt Flows and Effects of Thermal Processing 

 In in-line rheological measurements of a polymer melt were investigated in 
steady tube  fl ow using the UVP + PD method  [  12  ] . Experimental results with a 
polydimethylsiloxane melt showed that the shear viscosity can be measured over 
nearly one and one-half decades of shear rate from a single velocity pro fi le with 
decreasing shear viscosity over this range of shear rates. In another study, the  fl ow 
of non-Newtonian solution of Carbopol EZ-1 with sodium hydroxide was studied 
by Pfund et al.  [  13  ] . The changes in rheology with respect to changes in pro fi le 
shape and in rheological parameters during thermal processing have also been 
studied by a few groups. Choi et al.  [  14  ]  measured tomato concentrate physical 
properties during evaporation and correlated these properties to ultrasound proper-
ties and to measured  fl uid viscosities, obtained using in-line UVP + PD. Rapid 
changes in velocity pro fi le shape and in rheological properties of a tomato-based 
soup resulting from thermal processing were recently studied under true aseptic 
processing conditions by Wiklund and Stading  [  15  ] . The UVP + PD method was 
used to measure instantaneous radial velocity pro fi les and viscosity in-line at the 
40°C, 95°C, 120–140°C, and 60°C measuring locations corresponding to different 
temperature zones. Figure  6.8  shows measured mean velocity pro fi les at each mea-
suring location averaged over 30 pro fi les. The pro fi le shape changed from a more 
parabolic pro fi le at 40°C (inlet) toward a blunter pro fi le shape (outlet) during the 
thermal treatment. The velocity pro fi les measured near the outlet thus indicate a 
shift toward more shear-thinning behavior.   

    6.2.1.2   Liquid Displacements 

 Liquid displacement of one miscible or immiscible  fl uid by another is a very com-
mon and important process in the  fl uids industry. Typical situation examples are 
startup or shutdown of operations where, for example, a transition from water to 
product or vice versa takes place, for intermediate rinsing to prepare for a product 
change, or the use of the same  fi ller for different products. Obvious reasons for 
monitoring the displacement zone are to ensure product integrity and reduce prod-
uct loss, waste load, and related costs. The possibility to accurately monitor the 
displacement process, the related mixing zone, and the real-time changes in rheol-
ogy of both model and industrial non-Newtonian  fl uids using the UVP + PD method 
was demonstrated by Regner et al.  [  16  ]  and Wiklund et al.  [  17  ] . The velocity pro fi le 
development, related mixing zone, and real-time changes in rheology were moni-
tored when one  fl uid was displaced by another with different rheological properties. 
Four sets of model systems, all well described by the power law model and relevant 
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  Fig. 6.8    Measured velocity pro fi les at the 40°C, 95°C, 120–140°C, and 60°C measuring locations 
corresponding to different temperature zones (replotted from the results of Wiklund and Stading  [  15  ] )       

for the food industry, were used to adequately cover different classes of  fl uids. 
In addition, two sets of industrially produced foods with similar  fl ow characteristics 
were used to test the industrial applicability limitations of the UVP + PD method. 
Figure  6.9  shows an example of the measured temporal development and variation 
in the power law parameters: the consistency index,  K , and  fl ow index,  n , over time 
for the displacement of a non-Newtonian Xanthan solution with Newtonian 
sun fl ower oil.  

 The results demonstrate that the in-line UVP + PD method is an attractive 
 multipoint method for real-time process monitoring and control of non-Newtonian 
 fl uids.  

    6.2.1.3   Validation of CFD Simulation and Models 

 The UVP technique gives directly the one-dimensional (1-D) solution to the Navier–
Stokes equations and has therefore recently been shown to be a promising new tool 
for validating, for example, computational  fl uid dynamics (CFD) simulations for 
predicting liquid displacement of one  fl uid by another in a pipe  [  16  ]  and, recently, 
also heat transfer models for aseptic processing  [  15  ] . Detailed knowledge about the 
rheological  fl ow properties of the product and how they change, for example, during 
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thermal processing, is also of great interest for the design and operation of new and 
existing plants. A good example was presented by Regner et al.  [  16  ] , who used the 
volume of  fl uid (VOF) method in CFD to predict the phase distribution, including 
the tailing effect, and velocity during the displacement of yogurt by water. The 
UVP + PD method was used to characterize the displacement, related mixing zone, 
and changes in rheology in real time, in-line, and it was demonstrated that results 
were in good agreement with CFD simulations. However, as shown in Fig.  6.10 , the 
predicted velocity close to the wall was slightly higher than that measured using the 
UVP technique.    

    6.2.2   Nucleation and Fat Crystallization 

 The UVP + PD method combined with the measurement of sound velocity 
(related to crystal content) was shown, in several successive studies, to be an 
interesting approach for the in-line monitoring of nucleation and fat crystalliza-
tion processes. 

  Fig. 6.9    Real-time development and variation in power law parameters: the consistency index,  K , 
and  fl ow index,  n , over time for the displacement of Xanthan with sun fl ower oil (replotted from the 
results of Wiklund et al.  [  17  ] )       
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  Fig. 6.10    ( a ) Velocity pro fi le development with time during yogurt rinsing in a pipe measured 
horizontally using UVP. ( b ) Calculated using CFD. Each  gray level  indicates a change in velocity 
of 0.1 m/s between 0 and 1.0 m/s. The  dashed line  in ( b ) illustrates the interface between yogurt 
and water (replotted from the results of Regner et al.  [  16  ] )       

    6.2.2.1   Fat Crystal Seeding of Chocolate 

 Ouriev  [  18  ]  and Ouriev et al.  [  19  ]  investigated concentrated chocolate suspension 
containing more than    60 wt% of solids. The measurement was performed at stable 
process conditions at temperatures between 29.5°C and 30.0°C. Two separate 
crystallization process cycles were carried out by injection of (1) 0.14 wt% and 
(2) 0.05 wt% additional solids, respectively, into two chocolate suspension main-
streams containing 60 wt% solids. A lower concentration of injected solids corre-
sponds to a decrease of the  fl ow velocity (Fig.  6.11a ), where the calculation of the 
 fi t velocity pro fi le was performed along the diameter distance  D  within the time 
delay between measurement and monitoring. The variation in viscosity with shear 
rate calculated using the power law model and the comparisons between off-line 
and in-line  measurements  [  18,   19  ]  are shown in Fig.  6.11b . The shear viscosity of 
precrystallized chocolate suspension with higher concentration (0.14 wt%) of 
injected solids is more than that with lower concentration (0.05 wt%) of injected 
solids into the liquid matrix. The positive offset and different slope of the curves can 
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be seen by the higher concentration of injected solids corresponding to an increased 
shear-thinning behavior. The shear rate-dependent viscosity of the molten chocolate 
measured using an off-line rheometer can be seen to be lower than those of the crys-
tallized chocolates at two concentrations of the injected additional solids determined 
using an in-line UVP + PD method. The authors mentioned the dif fi culty of mea-
surement of the shear rate-dependent viscosity of a highly concentrated crystallized 
chocolate suspension using an off-line rheometer.   

    6.2.2.2   Fat Crystallization in Cocoa Butter 

 The dynamic response of the cocoa butter shear crystallization process to a step 
reduction in temperature of a two-stage shear crystallizer was investigated using 
UVP + PD in another study by Birkhofer et al.  [  20  ] . The temporal variation in the 
velocity pro fi le shape, the apparent viscosity at different shear rates, and the corre-
sponding radial position in the pipe were determined by  fi tting the measured velocity 
pro fi le and pressure drop to the power law rheological model. The liquid cocoa but-
ter was found to be Newtonian with a parabolic pro fi le shape, whereas the cocoa 
butter crystal suspension was found to be shear thinning, the value of the power law 
exponent decreasing with increase in solids (Fig.  6.12 ).    

    6.2.3   Concentration and Solid Fat Content 

 The UVP + PD method combined with the measurement of sound velocity and 
attenuation of ultrasound (related to crystal content) has been demonstrated to be 

0

20

40

60

80

100

120

140
a b

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

V
 [
m

m
|s
]

D [mm]

1

10

100

0.1 1 10 100

V
is
co

si
ty

 [
P
a.

s]

Shear rate [1/s]

  Fig. 6.11    ( a ) Experimental ( symbols ) and in-line  fi tted ( solid line ) velocity pro fi les during the 
injection of additional 0.14 wt% ( open squares ) and 0.05 wt% ( closed squares ) of solids into 
the chocolate suspension mainstream containing 60 wt% solids.  Vertical bars , mean standard 
deviation. ( b ) Comparison of shear rate-dependent viscosity of the crystallized chocolate ( open and 
closed squares ) determined from in-line UVP measurements with those from off-line measure-
ments ( triangles ) of molten chocolate suspension with less crystal concentration.  Solid lines , 
calculated power law  fi t (replotted from the results of Ouriev  [  18  ]  and Ouriev et al.  [  19  ] )       
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an interesting approach for the in-line determination of concentration of solids and 
solid fat content (SFC) in fat suspensions. Birkhofer et al.  [  20  ]  determined SFC 
from sound velocity measurements using a calibration curve from  31 P-nuclear mag-
netic resonance (p-NMR) measurements. More recently, Young et al.  [  21  ]  and 
Wassell et al.  [  22  ]  developed the UVP + PD method further to enable determination 
of both SFC and rheological properties under true dynamic processing conditions 
directly in the processing line. It was demonstrated that the transient  fl ow behavior 
from liquid to fully crystallized suspension could be monitored in real time and 
that SFC measurements in two-component systems demonstrate good agreement 
with the conventional p-NMR techniques; thus, it has good potential for replacing 
p-NMR as a standard method. The measurements can be made off-line, on the 
laboratory scale, or directly on the processing line  [  22  ] . An example of SFC values 
determined using both p-NMR and the ultrasonic method is shown in Fig.  6.13 .   

    6.2.4   Flow Mapping in Complex Geometries 

 The UVP technique and the UVP + PD method have been shown to be promising new 
tools for  fl ow mapping in complex geometries and possibly also for determining exten-
sional viscosity of non-Newtonian  fl uids in line. A few examples are given next. 

  Fig. 6.12    Velocity pro fi les (average of 30 single pro fi les) in terms of channel-wise normalized 
baseband signal power spectra (gray-scale background).  Full lines , estimated velocity pro fi les 
along the pipe diameter at different times after startup of shear crystallizer (reprinted from [ 20 ] 
with permission from Elsevier)       

 



2176 Industrial Applications

    6.2.4.1   Abrupt Contraction: Die Entry 

 In an early study the UVP + PD method was used for die entry visualization in the 
 fl ow of highly concentrated shear-thinning and shear-thickening suspensions  [  23  ] . 
A transducer pair was used to create a  fl ow map in the narrow die but with limited 
spatial resolution because of limitations with the existing transducers.  

    6.2.4.2   Hyperbolic Contraction 

 Shear-thinning carboxymethyl cellulose (CMC) model  fl uids have been studied in 
hyperbolic contraction  fl ow and in a diaphragm valve. The CMC was pumped 
through the hyperbolic nozzle, designed to give a constant extension rate. The radial 
velocities and pro fi les throughout the nozzle were determined using the UVP tech-
nique and were found to be in good agreement with the theoretical values. Axial 
velocity pro fi les con fi rmed the design criteria of constant extension rate throughout 
the nozzle, and that the UVP + PD method may be used to determine extensional 
viscosity in-line  [  24  ] .  

    6.2.4.3   Diaphragm Valve 

 Velocity pro fi les were also measured at three different positions at the center 
(contraction) of a specially manufactured 50% open diaphragm valve. Experimental 

  Fig. 6.13    Solid fat content (SFC) expressed as percentage values versus temperature for 30% 
palm strearin/70% rapeseed oil measured by standard p-NMR technique ( triangles ) and in-line 
dynamic conditions from UVP + PD ( circles ) (replotted from the results of Wassell et al.  [  22  ] )       
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results obtained using UVP again showed good agreement with theoretical 
predictions. Results showed that the most important problem is that it is not 
possible to accurately measure from the transducer front, which is the result of 
the ultrasonic transducer near- fi eld. This study con fi rmed that the problem may be 
eliminated by the introduction of a next-generation transducer, which is currently 
under development  [  25,   26  ] .    

    6.3   Ship 

 The resistance of a moving ship is classi fi ed as wave resistance resulting from 
in-front wave generation and frictional resistance acting on the submerged surface 
caused by seawater. The wave resistance has been reduced considerably via a num-
ber of efforts in research and design made by ship builders, such as improvement 
of the bow shape. In contrast, frictional resistance has not been reduced, and it thus 
accounts for around 80% of the total drag for large vessels  [  27  ] , which means sim-
ply that 80% of the fuel is consumed solely by the friction from seawater. The 
friction is governed by the dynamics in the turbulent boundary layer that is created 
at the ship surface submerged in seawater  [  28  ] . In this context, UVP is a potential 
tool for the assessment of the boundary layer structure  [  29  ] . In comparison with 
PIV and other velocimetry techniques, the advantages of UVP for seawater  fl ow 
application are compact installation of the sensor on the surface of the ship body, 
toughness in a high-speed seawater  fl ow environment, and real-time assessment of 
the unsteady  fl ow  fi eld. In general, two types of velocity apply to a cruising ship. 
One is ground speed, which is the velocity of the ship relative to the Earth and can 
be measured with a Global Positioning System (GPS) device. The other is the 
velocity to current, which is the velocity of the ship relative to the local seawater 
current around the ship. The velocity to current is often measured for large vessels 
employing the time-of- fl ight method and low-frequency ultrasound. In comparison 
with the velocity to current, UVP is a more local measurement of the velocity 
pro fi le such as inside the boundary layer or around the propeller. 

    6.3.1   Ark Test in a Pond 

 To determine potential technical problems in the  fi eld application of UVP to the 
seawater environment, a small ark (i.e., a box-type test  fl oat) was designed 
(Fig.  6.14a , b). The planar bottom plate was steel with thickness of 12 mm, which 
is the same as for a real ship including the chemical paint on the surface. An ultra-
sound transducer was attached beneath the plate, the front edge of which was 
inclined so that ultrasound pulse was emitted at an angle of 15° to the normal of 
the wall. The test was performed for multiple purposes, namely, assessment of the 
tracer concentration, stability of the electric power source in an isolated system, 
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and effects of electromagnetic circumstance during wireless signal transport. Data 
quality, which changes with the type of oscillation of the ark’s inclination, was 
also investigated. The basic frequency was 4 MHz, and the sampling interval was 
27–43 ms in time and 1.48 mm in space. There was no arti fi cial seeding for natu-
ral water.  

 In the UVP data, there was originally erroneous output near the wall from mul-
tiple re fl ections of the ultrasound pulse around the steel plate. Figure  6.14c  
 presents the data after the erroneous layers were removed using spatiotemporal 
two-dimensional interpolation. The data have a basically uniform velocity 
 distribution in the range above the bottom surface of the pond when the ark moves 
at a constant speed relative to stationary water in the pond. The data also show the 
bottom shape of the pond as a sudden change in velocity, which arises owing to a 
strong acoustic damping effect in the bottom soil. Furthermore, the moving-
scanned distribution includes segment-like patterns that are caused by plants with 
long leaves and dot patterns that are caused by other suspensions.  

  Fig. 6.14    Examination of velocity pro fi ling with an ark in a pond. ( a ) Picture of the ark for the 
test. ( b ) Transducer mount and beam con fi guration. ( c ) Spatio-temporal velocity distribution 
beneath the ark       
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    6.3.2   In fl uence of Ark’s Oscillation 

 When the ark  fl oats freely on the water surface, the velocity distribution has a striped 
pattern (Fig.  6.15a ) owing to oscillation of the ark. In the  fi gure,  P  and  N  represent 
positive and negative velocities, respectively. The stripe  fl uctuation appears because 
the emission angle of the pulse is nearly perpendicular to the bottom plane of the 
ark, and a slight inclination of the ark can thus be re fl ected as a change in the sign 
of the velocity. Such an effect is anticipated in a real ship application. The resonance 
frequency of the pitching mode for the test ark of simple rectangular shape is 

     

1 2
1.6Hz

2 4 3
n

n

g
f

h
= = =

w
p p    

(6.8  )
  

where  h  is the submerged depth in water. The primary frequency estimated from the 
measured velocity distribution agrees with the theoretical frequency. The data also 
contain other types of oscillations from interaction between the ark’s attitude and 
the  fl ow  fi eld around the ark. 

  Fig. 6.15    ( a ) Velocity distribution obtained by ark in oscillatory state. ( b ) Semi-logarithmic 
pro fi le of the time-averaged velocity       
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 Figure  6.15b  shows the semi-logarithmic pro fi le of the time-averaged velocity as 
a function of the distance from the wall. The pro fi le seems to obey the 1/7th law or 
standard logarithmic law in the short range within 10 <  y  < 30 mm, but it deviates 
from the law in other ranges. In the layer at  y  < 10 mm, the upheaval of the pro fi le 
means that the oscillation of the ark transports the momentum in the main  fl ow 
direction. The velocity in the outer layer at  y  > 30 mm must be explained by consid-
ering the effect of the largely expanded effective beam diameter at a far distance.  

    6.3.3   Stereoscopic Transducer for Ship Application 

 Because the ark reveals the importance of reducing ultrasonic multiple re fl ections 
that arise around the thick steel plate, a series of acoustic damping tests are  performed. 
The  fi nal design derived from the tests is the damper-built-in transducer, which has 
the additional merit of being tough in a seawater environment. Furthermore, a molec-
ular coating is made to relax microbubble attachment to the head of the transducer 
and to electromagnetically shield long-distance signal cables up to 100 m in length 
and thus maintain a low signal-to-noise ratio. For the problem of oscillation of ship 
orientation relative to the horizontal plane, a stereoscopic transducer is designed and 
manufactured so that the velocity vector pro fi le relative to ship attitude can be 
measured. The stereoscopic transducer, which is called a Y-type angled-beam 
transducer (YABT), Fig.  6.16a  provides two measurement lines at a  fi xed angle 
(Fig.  6.16b ). Several types of YABT are mounted at preferred positions on the ship, 
(see Fig.  6.17b ) using different basic frequencies to consider the ambient  fl ow con-
ditions. Figure  6.16a  shows one of the three designs, which has a basic frequency of 
2.0 MHz. The YABT is designed to measure the velocity pro fi le of the turbulent 
boundary layer beneath the bottom plate of the ship. The two measurement lines 
have a baseline of 21 mm, and the angle   q   is 2.5° to the normal of the wall. With this 
con fi guration, the local average velocity vector distribution between the two mea-
surement lines is measured as well as the Reynolds shear stress distribution  [  30  ] .   

  Fig. 6.16    Y-type angled-beam transducer (YABT) for ship application. ( a ) Schema of the 
transducer. ( b ) Beam con fi guration and vector formation       
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    6.3.4   Result of Ship Application 

 The  fi rst application of UVP to a ship cruising on seawater was carried out around 
Japan in January 2008. The ship was the  Paci fi c Seagull , which belongs to Azuma 
Kaiun Transport (Fig.  6.17a ). It has a length of 127 m and power of 5,280 ps. YABT 
with different basic frequencies were attached three positions on the beneath of 
the ship as shown in Fig.  6.17b . The experiment was performed for two situations: 
full-load and ballast conditions. The routes in the experiment were from Yamaguchi 
to Tokyo and the return route, which are longer than 800 km. The ultrasonic re fl ector 
in deep seawater had insuf fi cient concentration under the full-load condition. 
Therefore, data were analyzed only for the ballast condition.  

 Figure  6.18a  presents the measurement results for the mean velocity pro fi les and 
Reynolds shear stress pro fi les under the ballast condition. Results are the velocity 
pro fi les 90 m from the bow or stern of the ship. It is con fi rmed that, for the mean 
velocity pro fi le in the main  fl ow direction,  U , there was low velocity from the wall 
to 15 mm, indicating a boundary layer. However, the near- fi eld effect of the YABT 

  Fig. 6.17    ( a ) Picture of cement transporter for examination. ( b ) Mounting of ultrasound trans-
ducers on ship       
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made the velocity unrealistically low in the layer within 10 mm. The wall-normal 
velocity,  V , was measured to be around 1% of the main  fl ow velocity at 20 mm from 
the wall, and the sign was positive. Thus, local downward  fl ow, although being very 
small, was generated by the installation of the YABT. The Reynolds shear stress 
pro fi le was obtained as 50 Pa (=0.05 m 2 /s 2  × 10 3  kg/m 3 ) near the wall and was in 
fairly good agreement with the wall shear stress at the wall of the planar boundary 
layer for the same Reynolds number of 6 × 10 6 .  

 Data in Fig.  6.18b  are the results for the case that bubbles are injected from 
the bow of the ship. The bubble injection was made to investigate how it 
modi fi ed the boundary layer structure while it reduced the frictional resistance 
of the ship. The main  fl ow velocity,  U , was measured as being remarkably low 
in the layer deeper than 40 mm from the wall, which is caused the lack of an 
ultrasonic echo returning to the transducer through the dense arrangement of 
large bubbles within the boundary layer. The Reynolds shear stress was 
measured at around 80 Pa, higher than in the case without bubble injection. 
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The reason for this trend is unclear, but it seems to originate from the fact that 
UVP mainly senses the  velocity of bubbles when bubbles occupy the space 
around the measurement lines. Some appropriate post-processing may be 
required to separate the results for liquid and gas phases  [  29,   31  ] . 

 When the local difference in the mean velocity pro fi le is compared near the wall, 
it is found that bubble injection increased the velocity by around 10%. This result 
implies that there was a shear-thinning effect in the turbulent boundary layer during 
seawater cruising, which has phenomenological consistency with the drag 
reduction.       

   References 

    1.    Mori M, Takeda Y, Taishi T, Furuichi N, Aritomi M, Kikura H (2002) Development of a novel 
 fl ow metering system using ultrasonic velocity pro fi le measurement. Exp Fluids 32:153–160  

    2.    Tezuka K, Mori M, Suzuki T, Kanamine T (2008) Ultrasonic pulse Doppler  fl ow meter appli-
cation for hydraulic power plants. Flow Meas Instrum 19:155–162  

    3.    Wada S, Kikura H, Aritomi M, Mori M, Takeda Y (2004) Development of pulse ultrasonic 
Doppler method for  fl ow rate measurement in power plant: multilines  fl ow rate measurement 
on metal pipe. J Nucl Sci Technol 41:339–346  

    4.   Kikura H, Inoue Y, Wada S, Aritomi M, Mori M (2006) Development of pulse ultrasonic 
Doppler method for  fl ow rate measurements of power plant (characteristics of sound pressure 
distribution and evaluation of the hybrid ultrasonic  fl owmetering system using TOF and 
UDM). In: Proceedings of the ICONE14:89695, Miami, 17–20 July 2006  

    5.   Yao H, Ohmuro Y, Hagiwara, K, Kishiro M, Miyamoto A, Yamada K, Tadata N, Ohgawara G, 
Yamamoto T, Takeda Y (2004) Advanced hybrid type ultrasonic  fl ow meter utilizing state-of-
the-art pulsed-Doppler method along with traditional transit time method. In: Proceedings of 
the 4th international symposium on ultrasonic Doppler method for  fl uid mechanics and engi-
neering, pp 89–93  

    6.    Tasaka Y, Takeda Y, Yokoyama K, Kojima S (2007) Environmental  fl ow  fi eld measurement by 
ultrasonic velocity pro fi ling. Proc ASME-FEDSM 2007:37071  

    7.    Ohkubo T, Takeda Y, Mori M (2006) Accuracy evaluation of high-accuracy  fl owmeter using 
UVP. Trans Jpn Soc Mech Eng Series B 72:81–89 (in Japanese)  

    8.    Kikura H, Yamanaka G, Aritomi M (2004) Effect of measurement volume on turbulent  fl ow 
measurement using ultrasonic Doppler method. Exp Fluids 36:187–196  

    9.   Furuichi N, Terao Y, Takamoto M (2009) Calibration facilities for water  fl owrate in NMIJ. In: 
Proceedings of 7th international symposium on  fl uid  fl ow measurement, CD-ROM, pp 1–7  

    10.   Guide to the Expression of Uncertainty in Measurement (GUM) (1995) ISO  
    11.    Tezuka K, Mori M, Suzuki T, Takeda Y (2008) Calibration tests of pulse-Doppler  fl ow meter 

at national standards loops. Flow Meas Instrum 19:181–187  
    12.    Dogan N, McCarthy MJ, Powell RL (2005) Measurement of polymer melt rheology using 

ultrasonics-based in-line rheometry. Meas Sci Technol 16:1684–1690  
    13.    Pfund DM, Greenwood MS, Bamberger JA, Pappas RA (2006) Inline ultrasonic rheometry by 

pulsed Doppler. Ultrasonics 44:e477–e482  
    14.    Choi YJ, Milczarek RR, Fleck CE, Garvey TC, McCarthy KL, McCarthy MJ (2006) In-line 

monitoring of tomato concentrate physical properties during evaporation. J Food Process Eng 
29:615–632  

    15.   Wiklund J, Stading M (2009) Application of ultrasound doppler based in-line rheometry 
method to complex process streams. In: Fischer P, Pollard M, Windhab EJ (eds) Proceedings 
of the 5th international symposium on food rheology and structure, pp 90–93  



2256 Industrial Applications

    16.    Regner M, Henningsson M, Wiklund J, Östergren K, Trägårdh C (2007) Predicting the dis-
placement of yoghurt by water in a pipe using CFD. Chem Eng Technol 30:1–11  

    17.    Wiklund J, Stading M, Trägårdh C (2010) Monitoring liquid displacement of model and indus-
trial  fl uids in pipes by in-line ultrasonic rheometry. J Food Eng 99:330–337. doi:10.1016/j.
jfoodeng.2010.03.011  

    18.   Ouriev B (2000) Ultrasound Doppler based in-line rheometry of highly concentrated suspen-
sions. PhD Thesis, ETH, Zürich  

    19.    Ouriev B, Windhab E, Braun P, Zeng Y, Birkhofer B (2003) Industrial application of ultra-
sound based in-line rheometry: visualization of steady shear pipe  fl ow of chocolate suspension 
in pre-crystallization process. Rev Sci Instrum 74:5255–5259  

    20.    Birkhofer BH, Jeelani SAK, Windhab EJ, Ouriev B, Lisner K-J, Braun P, Zeng Y (2008) 
Monitoring of fat crystallization process using UVP-PD technique. Flow Meas Instrum 
19:163–169. doi:10.1016/j.flowmeasinst.2007.08.008  

    21.    Young NWG, Wassell P, Wiklund J, Stading M (2008) Monitoring struturants of fat blends 
with ultrasound based in-line rheometry (ultrasonic velocity pro fi ling with pressure differ-
ence). Int J Food Sci Technol 43:2083–2089. doi:10.1111/j.1365-2621.2008.01826.x  

    22.    Wassell P, Wiklund J, Stading M, Bonwick G, Smith C, Almiron-Roig E, Young NWG (2010) 
Ultrasound doppler based in-line viscosity and solid fat pro fi le measurement of fat blends. Int 
J Food Sci Technol 45:877–883. doi:10.1111/j.1365-2621.2010.02204.x  

    23.    Ouriev B, Windhab E (2003) Novel ultrasound based time averaged  fl ow mapping method for 
die entry visualization in  fl ow of highly concentrated shear-thinning and shear-thickening sus-
pensions. Meas Sci Technol 14:140–147  

    24  , Zatti D, Wiklund J, Vignali G, Stading M (2009) Determination of velocities pro fi les in 
hyperbolic contraction using ultrasound velocity pro fi ling. In: Nevalainen K (ed) Annual 
transactions of the Nordic Rheology Society, vol 17. pp 277–281  

    25.   Kotzé R, Wiklund J, Haldenwang R, Fester V (2010) Measurement and analysis of  fl ow behav-
iour in complex geometries using ultrasonic velocity pro fi ling (UVP) technique. In: Wiklund 
J, Bragd EL, Manneville S (eds) Proceedings of the 7th international symposium on ultrasonic 
Doppler methods for  fl uid mechanics and  fl uid engineering, pp 65–68  

    26.    Kotze R, Wiklund J, Haldenwang R, Fester VG (2011) Measurement and analysis of  fl ow 
behaviour in complex geometries using ultrasonic velocity pro fi ling (uvp) technique. Flow 
Meas Sci J 22:110–119. doi:10.1016/j.flowmeasinst.2010.12.010  

    27.    Murai Y, Fukuda H, Oishi Y, Kodama Y, Yamamoto F (2007) Skin friction reduction by large 
air bubbles in a horizontal channel  fl ow. Int J Multiphase Flow 33:147–163  

    28.    Huang J, Murai Y, Yamamoto F (2008) Shallow DOF-based particle tracking velocimetry 
applied to horizontal bubbly wall turbulence. Flow Meas Instrum 19:93–105  

    29.    Murai Y, Fujii H, Tasaka Y, Takeda Y (2006) Turbulent bubbly channel  fl ow investigated by 
ultrasound velocity pro fi ler. J Fluid Sci Technol 1:12–23  

    30.   Ohta S, Shigetomi A, Tasaka Y, Murai Y, Takeda Y, Hinatsu M, Kodama Y (2008) Boundary 
layer measurement of a vessel sailing over the sea. In: Proceedings of the 6th international 
symposium on ultrasound Doppler methods, pp 139–142  

    31.    Murai Y, Oishi Y, Takeda Y, Yamamoto F (2006) Turbulent shear stress pro fi les in a bubbly 
channel  fl ow assessed by particle tracking velocimetry. Exp Fluids 41:343–352      



227Y. Takeda (ed.), Ultrasonic Doppler Velocity Profi ler for Fluid Flow, 
Fluid Mechanics and Its Applications 101, DOI 10.1007/978-4-431-54026-7_7, 
© Springer Japan 2012

  Abstract   We have many demands to understand  fl ow phenomena in many 
industrial applications. Detecting the gas–liquid interface is important when mea-
suring velocities in two-phase  fl ow or in an open channel. We want to obtain veloc-
ity distributions two dimensionally, also. To extend the applicability, many 
techniques utilizing the ultrasonic Doppler velocity pro fi ler (UVP) have been 
recently developed. This chapter shows these extended techniques. Liquid and gas 
velocity distributions are obtained simultaneously using a multi-wave transducer 
are described in Sect.  7.1 . Techniques detecting a gas–liquid interface depending on 
 fl uid interface relative to the ultrasonic wavelength are presented in Sect.  7.2 . The 
UVP is utilized for measuring void fraction distributions in Sect.  7.3 . Section  7.4  
shows a technique measuring two-dimensional velocity components. A new 
approach for improving temporal resolution using the ultrasonic correlation method 
is presented in Sect.  7.5 .  
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•  Void-fraction pro fi ling      

    H.   Murakawa   (*)
     Graduate School of Engineering, Kobe University , 
  1-1 Rokkodai, Nada, Kobe 657-8501 ,  Japan    
e-mail:  murakawa@mech.kobe-u.ac.jp  

     T.   Kawaguchi  
     Tokyo Institute of Technology ,   Tokyo ,  Japan    

    H.   Obayashi  
     Japan Atomic Energy Agency (JAEA) ,   Ibaraki ,  Japan    

    Y. Murai • Y.   Tasaka  
     Faculty of Engineering, Hokkaido University ,   Sapporo ,  Japan    

    Chapter 7   
 Extended Techniques       

      Hideki   Murakawa         ,    Tatsuya   Kawaguchi   , 
   Hironari   Obayashi   , Yuichi Murai, and    Yuji   Tasaka      



228 H. Murakawa et al. 

    7.1   Multi-wave Method 

 When UVP is applied for measuring two-phase bubbly  fl ow, the obtained velocity 
data include both liquid and gas velocity information. Hence, the post-processing 
method described in Sect.  5.6  is proposed for separating the liquid and gas velocity 
data or detecting the gas–liquid interface. A multi-wave method is an idea for detect-
ing gas–liquid interface using a multi-wave transducer equipped with two ultrasonic 
elements. This method makes it possible to obtain both liquid and gas velocity dis-
tributions simultaneously. 

    7.1.1   Background 

 Ultrasonic measurement volume is important for measuring  fl ow velocity, espe-
cially for multiphase measurements. In bubbly- fl ow measurement, with an increase 
in void fraction, the probability of bubbles crossing the measuring line consequently 
increases. Furthermore, the correlation of bubble size to beam diameter of the ultra-
sonic transducer (TDX) is important as well. The probability of bubbles crossing 
the measuring line increases with an increase in the ultrasonic beam diameter. In 
general, ultrasonic directivity and the ultrasonic pressure distribution depend on two 
important ultrasonic parameters: basic frequency ( f  

0
 ) and the ultrasonic sensor 

diameter ( D  
US

 ). Taking into account the pressure  fi eld mentioned in Sect.   2.4    , they 
are empirically chosen (Table  7.1 )  [  1  ] .  

 Figure  7.1  shows an example of velocity probability density function (PDF) at a 
channel measured by using different kinds of TDXs in two-phase bubbly  fl ow. The 
channel was vertically rectangular, 20 × 100 mm 2 , and liquid and gas  fl owed upward. 
The void fraction ( a ) was 1.8%, and bubble diameter range was 3–4 mm. Because 
the rising velocity of bubbles is higher than the liquid velocity, the velocity PDF of 
the bubbles is higher than that of the liquid. The probability of bubbles crossing the 
measuring line becomes higher with an increase in the  D  

US
 . At  D  

US
  = 2.5 mm, the 

velocity PDF peaks at the mean liquid velocity. However, at  D  
US

  = 5 mm, the maxi-
mum value of the PDF becomes higher than the liquid velocity, and the PDF has two 
peaks. Furthermore, the PDF has one maximum and one peak value at  D  

US
  = 10 mm. 

If the void fraction is low, these PDFs also change. Taking into account these char-
acteristics, the selection of the TDX is related to the relative sizes between  D  

US
  and 

   Table 7.1    Relationship between basic frequency and 
 sensor diameter ( D  

US
 )   

 Basic frequency,  f  
0
  

 Wavelength,  l  
(water at 20°C) 

 Sensor 
diameter,  D  

US
  

 2.0 MHz  0.74 mm  10 mm 
 4.0 MHz  0.37 mm  5 mm 
 8.0 MHz  0.185 mm  2.5 mm 

http://dx.doi.org/10.1007/978-4-431-54026-7_2#Sec9_2
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the re fl ector.  D  
US

  of about 2.5 mm is suitable to obtain the liquid velocity under 
these conditions. Conversely, when  D  

US
  is 10 mm, the measured data primarily 

include the rising velocity of the bubbles. Therefore, if an appropriate ultrasonic 
transducer is selected, gas–liquid interface and liquid velocities can be measured 
selectively. Based on the selectivity of the re fl ector size, the multi-wave measure-
ment method was developed. In this subsection, the multi-wave method and its 
application are introduced.   

    7.1.2   Multi-wave Transducer 

 Based on the foregoing concept, a unique ultrasonic transducer with two basic ultra-
sonic frequencies was developed. The TDX is referred to as a multi-wave TDX 
(Fig.  7.2 ). The TDX is covered by a cylindrical phenolic resin and has an outer 
diameter of 13 mm, a length of 60 mm, and a thickness of 0.2 mm. A piezoelectric 
element of 8-MHz basic ultrasonic frequency, 3 mm in diameter, is installed in the 
center of the TDX. Furthermore, a piezoelectric element at 2 MHz with a hollow 
shape is set along the central axis. The inner diameter is 3 mm and the outer diameter 
is 10 mm. Each element is connected with the BNC via lead wires. The piezoelec-
tric elements are made of a composite oscillator with PZT (lead titanate zirconate) 
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and plastic. An epoxy resin half the thickness of the wavelength is used as the 
acoustic matching layer. Because the composite oscillator has low acoustic imped-
ance, the energy loss is low at the acrylic wall surface compared with other materi-
als. An epoxy damper is set behind the elements. The multi-wave TDX emits 
ultrasonic pulses independently for the two basic frequencies of 2 and 8 MHz, 
respectively. Using the multi-wave TDX, two types of ultrasonic measurement 
 volumes can be obtained for multiphase  fl ow measurements using a single ultra-
sonic probe.  

 Figure  7.3  shows sound pressure  fi elds of the 2- and 8-MHz parts of the 
 multi-wave TDX measured using a needle hydrophone. The color scale represents 
the pressure intensity normalized by the maximum value. It can be con fi rmed that 
the TDX can emit two ultrasonic frequencies of 2 and 8 MHz in a straight line. The 
pressure  fi eld in 2 MHz has a unique shape in the near- fi eld, and it is expected that 
echo signals are dif fi cult to obtain in the area. However, the effect of the hollow 
shape does not clearly appear in the far- fi eld ( z  > 20 mm), and the far- fi eld region 
must be used for the measurement.   

    7.1.3   Application of the Multi-wave Transducer 

 The multi-wave TDX has two ultrasonic elements with different basic frequency, 
and these can emit and receive ultrasonic signals independently. If two UVP sys-
tems are connected with the elements, velocity measurements can be conducted in 

  Fig. 7.3    Measurement results of ultrasonic pressure  fi eld in multi-wave TDX. ( a ) 8 MHz 
( D  

US
  = 3 mm). ( b ) 2 MHz with hollow shape ( D  

US
  = 10 mm) (reprinted from [ 2 ] with permission 

from Elsevier)       
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different measurement volumes. Although attention must be paid to the measure-
ment volume in the outer element, there are some applications where the multi-
wave TDX can be used. Here, an application using the cross-correlation method 
(see Sect.  7.5 ) is introduced. 

 Figure  7.4  shows a schematic diagram of the experimental apparatus. This system 
is applied for measuring both liquid and bubble-rising velocity distributions by using 
the ultrasonic time domain cross-correlation method (UTDC). The measurement 
system includes two ultrasonic pulser/receivers to emit and receive ultrasonic pulses. 
Both 2- and 8-MHz ultrasonic elements were connected to the pulser/receivers. The 
echo signals received in each pulser/receiver were recorded on an A/D board with 
the sampling resolution of 8 bits and a sampling rate of 100 MS/s at two channels. 
The A/D board and the pulser/receivers were connected to each other and synchro-
nized. Therefore, both the 2- and 8-MHz ultrasonic echo signals were simultane-
ously recorded. The time resolution was 1 ms because the pulse repetition frequency 
( f  

prf
 ) was set at 1 kHz. The signals were stored in the memory of the A/D board. The 

recorded data were calculated by the PC using the correlation method, and the veloc-
ities were obtained. The spatial resolution was set at 0.74 mm along the measuring 
line. The working  fl uids were air and tap water seeded with nylon tracer particles 
with average diameter of 80  m m. The water temperature was kept at 20 ± 0.5°C.  

 An ultrasonic pulse is re fl ected on both nylon particles that are seeded in water 
and the gas–liquid interface. Hence, the original velocity pro fi les include both gas 
and liquid velocities. However, the ultrasonic echo signals from the gas–liquid 
interface are stronger than those from the microparticles. Therefore, signals smaller 
than a threshold level are omitted to eliminate the echo signals from the particles. 
Hence, it is comparatively easy to measure the bubble-rising velocity by using the 
correlation method. However, particles with echo signals of low intensity must be 
selected to obtain the liquid velocity. 

pulser/receiver

multi-wave transducer

PC with
A/D board

φ 50

  Fig. 7.4    Measurement 
system in bubbly  fl ow using 
multi-wave TDX (reprinted 
from [ 2 ] with permission 
from Elsevier)       
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 Because the echo signals re fl ected by the bubbles are stronger than those  scattered 
from the particles, the particle signals can be easily eliminated from the recorded 
signals at 2 MHz, and bubble-rising velocity distributions are easily obtained. 
However, the bubble data must be eliminated from the measured data at 8 MHz to 
calculate the liquid velocity distribution. If signals at 8 MHz include echo signals 
re fl ected on bubbles, the signal can be recorded at 2 MHz as well. Based on this 
concept, it is possible to obtain only liquid data using 8-MHz signals  [  2  ] . 

 A picture of bubbly  fl ow and the re fl ected signals measured by the multi-wave 
TDX, and instantaneous velocity pro fi les in bubble and liquid, are shown in Fig.  7.5 . 
The picture and the signals are synchronized, and the relationship between the bub-
ble positions and the signals can be obtained. Measurement lines at 2 and 8 MHz are 
shown in the picture. Calculated velocities are converted into velocity component in 
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the  fl ow direction.  y  and  R  represent distance from the wall surface and the pipe 
radius. Signals of pattern A (echo signals appear at 2 MHz and no echo signal appear 
at 8 MHz) and pattern B (echo signals appear at both ultrasonic frequencies) can be 
considered as echo signals from bubbles, and pattern C (no echo signal at 2 MHz 
and echo signals appear at 8 MHz) is echo signals from the particles. Velocity sepa-
ration between liquid and bubble were possible comparing the signals, and instan-
taneous velocities of both phases were obtained.  

 Figure  7.6  represents average velocity distributions. Velocities were simultane-
ously measured by the UTDC at 2 and 8 MHz: 8-MHz Doppler are data measured 
independently by using the Doppler method shown for a comparison. Count is the 
data count successfully obtained at the position. Using the technique, both liquid 
and bubble velocities could be measured at the same time and position, and we can 
obtain the local drift velocity between liquid and bubble. Uncertainty of the velocity 
data was increased by the noises caused by the frequency interaction, and the 
improvement of the signal-to-noise ratio is further investigation. The multi-wave 
method can be also applied for the Doppler method.   

    7.1.4   Summary 

 In this subsection, the multi-wave ultrasonic method, which employs two ultrasonic 
elements was introduced. The method is based on the difference of echo signal 
intensities. Applying a threshold based on the re fl ected signal, multiple measure-
ment targets can be measured at the same time and position. Velocities of gas–liquid 
interface and liquid can be obtained simultaneously in case of bubbly  fl ow, which 
means that the technique can give us the drift velocity. It is expected that the UVP 
is applied for many  fl ow conditions and applications with developing other unique 
ultrasonic transducers.   
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    7.2   Free Surface Detection 

 In cases in which moving free surfaces intersect a measurement line of UVP in mea-
surements of open channel  fl ows, e.g., rivers, detecting the surface position is dif fi cult 
for usual measurements, and thus casts uncertainty on measurement accuracy. 
Synchronized recording of surface images by a video camera with UVP measure-
ment may improve this problem, but of course such a measurement utilizing other 
equipment spoils the advantages of UVP measurement. Here we introduce some 
techniques to detect interfaces by information obtained only from UVP, namely, 
ultrasonic echo intensity, pseudo-velocity variation obtained around free surfaces, 
and statistical values of velocity  fl uctuation. Principles, applications, advantages, and 
remaining problems of the techniques are described. There are many measurement 
tools to detect interfaces, e.g., optical or ultrasonic displacement gauges. The tech-
niques we introduce here are used for supporting  fl ow  fi eld measurements by UVP 
and do not always have advantages compared to the proper measurement tools. 

    7.2.1   Re fl ection Patterns of Ultrasonic Waves at Free Surfaces 

 In contrast to moving solid interfaces, free surfaces have the following characteris-
tics: (1) the free surface has large freedom on position and shape and thus is dif fi cult 
to detect; (2) as most gas–liquid combinations have large differences in acoustic 
impedance, the amplitude of the re fl ected ultrasonic wave is maintained so long as 
the re fl ection is one dimensional; and (3) the phase of waves re fl ected at the free 
surface is inverted (see Sect.  2.1 ). Figure  7.7  illustrates the possible re fl ection pat-
terns classi fi ed by the length scale of the  fl uid interface  L  relative to the ultrasonic 
wavelength   l  . For bubbles smaller than the ultrasonic wavelength,  L  <   l  , the re fl ected 

  Fig. 7.7    Re fl ection patterns of ultrasonic pulse on gas–liquid interface with different scales 
(reprinted from [ 3 ] with permission from Elsevier)       
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wave radiates from individual bubbles. As the ultrasonic wave interferes with the 
resonant frequency of the bubbles, the bubbles start to produce intrinsic pulsation at 
frequencies different from that of the original ultrasonic wave. This phenomenon is 
exploited in ultrasonic spectroscopy to measure bubble size distributions. Doppler 
information detected from microbubbles yields  fl uid velocity because microbubbles 
accurately trace  fl uid  fl ow. Thus, microbubbles are applicable to UVP as tracer par-
ticles. Other than from small spherical bubbles, ultrasonic waves also re fl ect dif-
fusely from turbulent interfaces associated with waves shorter than the ultrasonic 
wavelength. When the interfacial length scale becomes comparable to the ultrasonic 
wavelength,  L  ~   l  , complex re fl ection patterns occur in a heterogeneous manner. 
This principle leads to the irregular  fl ickering re fl ection of the ultrasonic wave on 
open interfaces subjected to surface waves. Bubbles and open interfaces with length 
scales larger than the ultrasonic wavelength,  L  >   l  , produce total re fl ection of the 
ultrasonic wave. Simultaneously, the slope of the interface strongly in fl uences the 
direction of the re fl ected wave, making it dif fi cult when the interface migrates to 
detect the re fl ected wave using a single ultrasonic transducer.  

 According to the foregoing characteristics, we introduce some interface detec-
tion techniques that are applicable to each re fl ection pattern. The identi fi cation tech-
nique of tracer particles from a bubble–liquid mixture is also explained in the 
following subsections.  

    7.2.2   Echo Intensity Technique 

 Because a free surface satisfying  L  >  l  provides an extremely large re fl ection echo 
compared to tracer particles, its position can be detected by ultrasonic echo inten-
sity. Here we introduce a  fl ow  fi eld measurement under a free traveling wave as an 
application of the technique. Figure  7.8  shows a schematic of a free traveling wave 
measurement in a water container that is 1 m long, 300 mm wide, and  fi lled with 
170 mm tap water. One-dimensional waves are generated at the end of the container 
by horizontal oscillation of a  fl at vertical plate. The stroke and frequency of the 
oscillation are  A  = 50 mm and  f  = 2 Hz, respectively. The theoretical description of 
the wave amplitude   z   and the vertical velocity pro fi le  u  

 z 
  is 

  Fig. 7.8    Schematic diagram 
of free traveling wave 
measurement in an open 
channel; here the waves are 
generated by sinusoidal 
oscillation of the vertical 
plate mounted at the end of 
the channel (reprinted from 
[ 3 ] with permission from 
Elsevier)       
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where  A  
w
 ,  k , and  f  are the amplitude, wave number, and angular frequency of the 

wave, respectively. In Eq. ( 7.1 ),  B ,  z , and  h  are velocity potential at the wave surface, 
vertical coordinate, and initial height of the surface. A 4-MHz four-cycle ultrasonic 
pulse is emitted from the bottom to measure the vertical velocity pro fi le  u  

 z 
 (  x  ,  t ) and the 

echo intensity pro fi le, using UVP; here ξ is the measurement coordinate of UVP as 
shown in Fig.  7.8 . Porous polymer particles, 100  m m in mean diameter and 1.07 in 
speci fi c density, are seeded in the water as tracers. The sampling rate and the spatial 
resolution of the velocity and echo pro fi ling are 50 ms and 1.11 mm, respectively. 

 Figure  7.9  shows the water depth  fl uctuation (i.e., the interface position), which 
is obtained from the echo intensity pro fi le by setting a threshold at half the maxi-
mum intensity. This threshold was empirically determined here, and thus it should 
be modi fi ed depending on the noise level of the echo information in general cases. 
Note that we also introduce a lower limit to separate the interface from noise. The 
solid or open circles in the  fi gure indicate whether such a selection is made. The 
bottom graph in Fig.  7.9  presents the temporal  fl uctuations of the echo intensity, 
which are re fl ected from the interface. The echo intensity weakens in the region 
where the interface has a steep gradient. From the video images recorded synchro-
nously with the ultrasonic measurement, we  fi nd that for an interface slope angle 
greater than 5° the echo intensity is smaller than the lower sensing limit. This phe-
nomenon is attributed to the ultrasonic mirror effect at the gas–liquid interface, 
which occurs when the interface has a locally planar form from which the ultrasonic 

  Fig. 7.9    Detected interface position and absolute value of the ultrasonic echo intensity.  Solid and 
open circles  indicate detected interface position from the echo intensity with or without initial data 
selection, respectively, by giving a lower threshold ( dashed line ) (reprinted from [ 3 ] with permis-
sion from Elsevier)       
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re fl ection occurs. A geometric estimation of the mirror-re fl ection state indicates that 
the maximum detectable interface inclination angle coincides with the ultrasonic 
beam divergence angle. The result obtained in this experiment is consistent with this 
theory. Using a wide angular radiation type of ultrasonic transducer will overcome 
this problem, but the spatial resolution for detecting the interface would decrease.   

    7.2.3   Local Doppler Technique  [  3,   4  ]  

 One or two measurement volumes around free surfaces in  L  >   l   give clearly differ-
ent values in comparison with actual velocity, caused by a standing wave that is 
formed near the interface by interference between incident and re fl ected waves  [  4  ] , 
or by detecting not particle motion but free surface motion. Detecting such local 
deformation of the velocity pro fi le can tell us the interface position; this is called 
 local Doppler technique . 

 When gas–liquid interfaces migrate with a base  fl ow, interface detection must be 
done dynamically. In such a situation, the inclination angle of the interface changes 
rapidly with the passage of bubbles through the ultrasonic beam and thus the echo 
intensity technique is not applicable. In this section, we consider just such a bubbly 
channel  fl ow to examine the ultrasonic interface detection technique. Figure  7.10  
illustrates the measurement setup for a horizontal channel 6 m long, 40 mm high, 
and 160 mm wide in which bubbles larger than 100 mm in the  fl ow direction migrate 
near the upper wall. Silicone oil, with kinematic viscosity of 10 cSt, 935 kg/m 3  den-
sity, and a speed of sound of 1,008 m/s, is used as a working liquid while air bubbles 
are mixed into the channel at room temperature. The mean liquid speed is set at 
0.5 m/s. A 4-MHz ultrasonic transducer is mounted beneath the channel at 7.23° 
with respect to the vertical axis. Polyethylene particles of 180  m m mean diameter 
and 918 kg/m 3  density are seeded as ultrasonic re fl ectors. The temporal and spatial 
resolutions are 29 ms and 0.62 mm, respectively.  

 Figure  7.11a  shows a sample of the spatiotemporal velocity distribution. The 
 fi gure presents the layer between 34 and 40 mm to focus on the Doppler velocity near 

  Fig. 7.10    Schematic of measurement setup for horizontal bubbly channel  fl ow (reprinted from [ 3 ] 
with permission from Elsevier)       
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the bubble interface. The measured velocity distribution consists of two parts: a 
monotonic decrease toward the wall and a steep increase near the wall. The latter part 
arises from ultrasonic re fl ection from the bubble interface, which does not indicate 
real  fl ow velocity but does indicate the presence of bubbles. In each upstream bubble 
region, the velocity becomes negative because of the bubble wake. Figure  7.11b  

  Fig. 7.11    Interface detection in bubbly channel  fl ow. ( a ) Spatiotemporal velocity distribution. 
(b) Distribution of Sobel- fi ltered velocity. ( c ) Distribution of ultrasonic echo intensity (reprinted 
from [ 3 ] with permission from Elsevier)       
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shows a  fi ltered distribution converted from the original Doppler velocity distribution 
and Fig.  7.11c  shows echo intensity distribution. A Sobel  fi lter is used to sharpen the 
signal to  fi nd the interface. Comparing these two distributions, the peak value emerges 
at almost the same position in both cases. However, the echo intensity has fewer 
peaks in time, which means that the echo intensity technique is often unavailable to 
moving interfaces.  

 Setting a threshold for each distribution allows us to determine the interface posi-
tion along the measurement line (Fig.  7.12 ). The interfaces obtained from the two 
techniques roughly agree with each other, but in carefully analyzing the difference, 
we  fi nd that the interface positions calculated from the echo intensity correspond to 
the front part of the bubbles detected by Doppler technique. This observation implies 
that the bubbles re fl ect ultrasonic wave only in a very limited angular range, as we 
mentioned in the former test case. In contrast, the local Doppler technique is feasi-
ble for detecting moving interfaces more sensitively than the echo intensity 
technique.   

    7.2.4   Velocity-Variance Technique 

 When the interface is not directly detected by either of the two techniques just 
described because of very complex interfaces, using  fl uid  fl ow kinematics provides 
a third technique. The following equation is the kinematic interface condition 
(e.g.,  [  5  ] ) and expresses the relationship among three factors: interface position  S  
along the measurement line,  fl ow velocity component  v  perpendicular to the measure-
ment line, and  fl ow velocity component  u  in the direction of the measurement line.

     + =S S
v u

t y

� �

� �    (7.2   )   

  Fig. 7.12    Detected interface of bubbles in channel  fl ow by local Doppler and echo intensity 
techniques (reprinted from [ 3 ] with permission from Elsevier)       
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 In Eq. ( 7.2 ),  y  represents the spatial coordinate in the direction perpendicular to 
the measurement line. In computational  fl uid dynamics simulation of free surface 
 fl ows, this equation is used to calculate the interface position  S  given the two veloc-
ity components obtained from the Navier–Stokes equations. In the same way, the 
free surface position can be determined from the velocity components measured by 
ultrasonic Doppler velocimetry. If using a single ultrasonic transducer, Eq. ( 7.2 ) is 
insuf fi cient to determine the interface position  S  because only a single velocity com-
ponent pro fi le  u  is obtained. One idea to overcome this problem is to use the vari-
ance of  u  in time; this may be understood by considering the interface position 
 S  =  S  

0
 sin(  w t  +  ky ). Substituting this into Eq. ( 7.2 ) gives

     
'2

0 0

1
( )cos( ) ( )

2
 u S kv t ky u S kv= + + ↔ = +w w w

   (7.3   )   

 In other words, the temporal change and the spatial form of the interface are 
re fl ected in the variance of the velocity component in the direction of the ultrasonic 
beam. As indicated by Eq. ( 7.3 ), the larger the temporal and spatial changes of the 
interface, the larger the velocity variance. Thus, this principle is applicable to peri-
odic interfacial  fl ow such as in plug and slug  fl ows in pipes. 

 As an application of the velocity-variance technique, we introduce slug  fl ow in 
pipe, which carries turbulent waves over large-scale interfaces  [  6  ] . Neither of the 
two techniques described in the last two sections can detect the interface of slug 
 fl ows because of the complex interfaces. Figure  7.13  shows the measurement setup 
for air–water two-phase  fl ow in a horizontal pipe 40 mm in inner diameter. The 
super fi cial velocities are set at 0.66 m/s for water and 0.44 m/s for air, which cor-
responds to a mean mixture velocity of 1.10 m/s, a Reynolds number of 4 × 10 4 , and 
a mean void fraction of 40%. In this test, 4-MHz four-cycle ultrasonic pulses are 
emitted from the bottom at an angle of 5° with respect to the vertical axis.  

 To completely catch the slug  fl ow interface, we introduce the velocity-variance tech-
nique, which facilitates the data processing of Doppler velocity distributions. 

  Fig. 7.13    Interface detection in gas–liquid two-phase slug  fl ow in a horizontal tube. ( a ) Schematic 
diagram of measurement environment. ( b ) Photograph of the transducer holder, which can be 
rotated around the tube axis (reprinted from [ 3 ] with permission from Elsevier)       
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A sample of the spatiotemporal Doppler velocity distribution  v  
 x 
 ( z ,  t ) is shown in Fig.  7.14 . 

The Doppler velocity decreases intermittently near the center of the pipe, indicating the 
presence of local standing waves at the gas–liquid interface. Sampling the Doppler 
velocity along the black line in the  fi gure, a velocity  fl uctuation seems polarized into 
low-speed and high-speed regions. A velocity much lower than the bulk mean velocity 
of 1.1 m/s is obtained from the disappearance of the Doppler effect at the interface. 
Therefore, the statistical separation of the velocity histogram into real and pseudo- fl uid 
velocities enables the detection of the interface. The separation can be made using the 
mutual deviation theorem proposed by Otsu  [  7  ] . We assume that the probability distribu-
tion at a point consists of high-speed and low-speed classes. The threshold to separate 
the classes is given as  v  

 x 
 , at which co-variance between the classes 

     
2 2

1 2 1 2( ) ( )xvσ = ω ω μ − μ    (7.4  )  

becomes the maximum, where   w   and   m   are total probability and expected value in 
each class. Figure  7.15  shows a plot of the maximum of  s  2 ( v  

 x 
 ) at each position, 

  Fig. 7.14    A spatiotemporal velocity distribution of a slug  fl ow in a pipe (reprinted from [ 3 ] with 
permission from Elsevier)       

  Fig. 7.15    Variation of the maximum value of co-variance between the classes (reprinted from [ 3 ] 
with permission from Elsevier)       
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where the plot takes the maximum around  z  = 23 mm. This position corresponds to 
the position where the low-speed region clearly exists, and thus the obtained 
 interface position seems reasonable. The interface position determined by this tech-
nique at each time is shown in Fig.  7.16 , where the area corresponding to the gas 
phase is erased. The detected interface agrees with the actual interface position 
estimated from video images.    

    7.2.5   Interface Detection for  L  ~   l   

 As mentioned in Sect.  7.2.1 , because the re fl ection pattern of the ultrasonic wave 
greatly changes with the incident angle of the ultrasonic wave and interface shape 
in this condition,  fi nding a universal technique to detect the interface position is 
dif fi cult. Also,  fl ows induced by motion of such interfaces are quite complex. Here 
we introduce detection free-rising bubbles as an example of this case. 

 Bubbles 3.5 mm in equivalent particle diameter were launched from a needle to 
stationary water layer. In this condition, bubble deformation is allowed and the bub-
ble changes its shape with time. According to the deformation the bubbles take 
spiral or hobbling motions. A 8-MHz ultrasonic transducer was mounted, and veloc-
ity pro fi le measurements were done with four-cycle ultrasonic bursts. Sampling 
period and spatial resolutions of the measurement are 20 ms and 0.37 mm. 

 Figure  7.17  shows instantaneous velocity pro fi les (top), echo intensity pro fi les 
(middle), and snapshot image of bubbles (bottom). In this  fi gure the transducer is 
located at the left end, and thus the positive velocity indicates  fl ows in the right direc-
tion. The velocity changes with bubbles passing the measurement line; however, the 
echo intensity does not show typical change. Then, we can use here only Doppler 
velocity information to detect interfaces. There is a peak at somewhat before the 
interface on the instantaneous velocity pro fi les. The peak value reaches the maxi-
mum when the bubble goes across the measurement line. To detect the interface 

  Fig. 7.16    Detected interface position and velocity  fi eld, where the gas phase is erased (reprinted 
from [ 3 ] with permission from Elsevier)       
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position utilizing this characteristic of a Doppler velocity pro fi le, we examined 
 several numerical  fi lters including the Sobel  fi lter. Obtained results were compared 
with the correct interface position determined from high-speed video images. To 
evaluate the applicability of  fi lters, success rate of the detection and following index 

     

2 2

,
x t

E
x t

δ δ⎛ ⎞ ⎛ ⎞= +⎜ ⎟ ⎜ ⎟Δ Δ⎝ ⎠ ⎝ ⎠    (7.5  )  

were calculated for 500 samples at each  fi lter, where  D  x  and  D  t  represent space and 
time intervals and  d  x  and  d  t  indicate detection error. The evaluation picks up a 
smoothing  fi lter (Fig.  7.18 ), which smooths the data only in the space direction, as 
the best  fi lter. The matrix in the  fi gure represents actual calculation in the smoothing 
 fi lter, where the average of the velocity at a point with adjacent four points is given. 
The  fi lter introduced here cannot be universal. According to this procedure, how-
ever, we can design the best  fi lter to detect interfaces in different systems.   

    7.2.6   Identi fi cation of Tracer Particles from a Bubbly Liquid 

 In cases of measurement of dispersed bubbly  fl ows, we have to identify tracer par-
ticles from bubbly  fl ows because the obtained spatiotemporal velocity distribution 

  Fig. 7.17    Comparison of several  fi ltering functions for spatiotemporal Doppler velocity distribution 
to detect bubbles where  x  and  t  denote horizontal coordinate and time (reprinted from [ 3 ] with 
permission from Elsevier)       
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of liquid phase contains information about bubble advection. Scattering intensity of 
particles depends on the relative diameter of the particle  d  against the wavelength of 
the ultrasonic wave   l  . Also, the re fl ection rate at the bubble interfaces is larger than 
that at particle surface because of the large gap in acoustic impedance between gas 
and liquid phase. A technique for identifying tracer particles from bubbly media 
utilizing these two characteristics has been proposed (see Sect.  7.1 ).   

    7.3   Void Fraction Pro fi ling [ 8 ] 

 A method for measuring the spatial distribution of the void fraction in bubbly two-
phase  fl ow is discussed. The method is referred to as ultrasonic void fraction pro fi ling 
because it is based on the signal processing of an ultrasonic pulse scattering at a bub-
ble interface  [  1,   2,   8  ] . The technique can be compared with optical techniques  [  9–  12  ]  
and electrical impedance-based techniques  [  13–  16  ] . The ultrasonic method is estab-
lished using two processes for the ultrasonic sensing of bubbles. One approach is to 
detect the bubble interface along a measurement line (i.e., the path of the ultrasonic 
pulse in the liquid), as mentioned in Sect.  7.2 . The other approach is to reconstruct the 
void fraction pro fi le from the number of bubble interfaces. A theoretical formula for 
the estimation is proposed by considering ultrasonic re fl ection in a suspension of bub-
bles. The validity of the formula is examined theoretically and numerically. Finally, 
the method is demonstrated for four  fl ow con fi gurations, in which the void fraction 
pro fi le governs the modulation of the liquid  fl ow  fi eld. 

    7.3.1   Principle of Void Fraction Measurement 

 The gas–liquid interface is detected with an ultrasound pulse as already described in 
Sect.  7.2 . However, the approach only detects the bubbles closest to the ultrasonic 

  Fig. 7.18    ( a ) Spatiotemporal velocity distribution. ( b ) Distribution modi fi ed by the smoothing 
 fi lter (reprinted from [ 3 ] with permission from Elsevier)       
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transducer, as shown by the white plots in Fig.  7.19  (gray plots indicate existing 
bubbles). Because an ultrasonic pulse cannot propagate regularly beyond bubbles 
larger than the ultrasonic beam diameter, little information is obtained beyond those 
bubbles. A certain intensity of the ultrasonic pulse penetrates the bubbles; however, 
the pulse weakens extremely as it crosses those bubbles on its return to the trans-
ducer. Thus, we need to abandon the idea of using information of the far region. 
Only the distribution of the  fi rst-re fl ecting bubbles can be obtained with suf fi cient 
signal quality.  

 As shown on the right side of Fig.  7.19 , the true void fraction pro fi le,  a ( y ), and 
the pro fi le of detected bubbles,  b ( y ), are not identical. We refer to the quantity  b ( y ) 
as the detected void fraction in this chapter. In the following, the relationship 
between these two pro fi les is explained in detail. 

 Figure  7.20  explains the relationship in a digitized domain. The vertical axis 
gives the measurement distance from the transducer at a given spatial resolution and 
the horizontal axis gives the time for a given sampling rate. The gray cells are space–
time cells inside the liquid phase and the dark cells are the  fi rst bubbles that re fl ect 
the ultrasound. White cells are cells unavailable for measurement, where no infor-
mation is obtained by the ultrasound. The value AC (available cells) is the number 
of gray and dark cells at each depth from the ultrasonic transducer, the value DB 
(detected bubbles) is the number of dark cells at each depth, and the value VF (void 
fraction) is the void fraction at each depth, which is the ratio of DB to AC. Once DB 
is measured, AC is known because the cells before the  fi rst bubble should be liquid 
cells. Therefore, the relationship between the true void fraction  a  and the detected 
void fraction  b  in digitized form can be expressed as 

     
32

1 1 2 3
1 1 2
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= = =
− − −

bb
a b a a

b b b    (7.6   )   

 The  fi rst equation means that the two void fractions take the same value at the 
 fi rst position from the transducer. The next equation expresses that the true void 
fraction at the second position is estimated by the ratio of the detected void  fraction, 

  Fig 7.19    Re fl ection of ultrasound at bubbles closest to transducer for densely distributed bubbles. 
 Gray dots  are the existing bubbles;  white dots  are the bubbles detected by ultrasound pulse 
(reprinted from [ 8 ] with permission from IOPsciense)       
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  b   
2
 , to 1 −   b   

1
 . This denominator is smaller than unity because of the obstruction due 

to the bubbles located in the  fi rst position. In the same manner, the void fraction in 
the third and deeper layers is expressed as written. The description of these rela-
tionships between  a  and  b  implicitly assumes that the probability of  fi nding a 
bubble behind a previously detected bubble is the same as in the bulk of the  fl ow. 
Thus, the relationship at an arbitrary depth coordinate  i  is written as

     

1
1

1 .
i

i i j
j

−
−⎛ ⎞

= −⎜ ⎟⎝ ⎠∑a b b    (7.7   )   

 The conversion of this equation to a continuous system with coordinate  y  yields
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−
⎛ ⎞α = β − β⎜ ⎟⎝ ⎠∫d    (7.8  )  

where   d   is the interval between two data in the  y -direction and corresponds to the 
spatial resolution of the measurement. The equation becomes a function of   d   because 
of the de fi nition of   b  . That is, the detected void fraction is de fi ned as the ratio of the 
number of detected bubbles to the total sampling number within a given  fi nite depth 
  d   in the spatial direction. It is noted that this equation is derived in a deterministic 
manner without the introduction of any physical model or empirical assumption. 
For instance, the ultrasonic attenuation coef fi cient is not used in the equation. We do 
not invoke any probability theory in this derivation. Using Eq. ( 7.8 ), the true void 
fraction pro fi le  a ( y ) is calculated from the detected void fraction pro fi le  b ( y ). 
Because the range of integration in Eq. ( 7.8 ) is from zero to  y , the true void fraction 
pro fi le is explicitly determined by integrating the detected void fraction from the 
origin. This very light computational load allows us to realize real-time monitoring 
of the void fraction pro fi le. The distance  y  is obtained from the time of  fl ight of the 
ultrasonic pulse;  y  =  C  ×  t /2, where  C  and  t  are the speed of sound and the time 

  Fig. 7.20    Digitalized representation of void fraction distributed in the space–time two-dimensional 
domain (reprinted from [ 8 ] with permission from IOPsciense)       
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elapsed since the emission of the ultrasound pulse from the transducer. In the same 
manner, the inverse relationship at each depth is derived mathematically as

     
1 1 2 2 1 2 1

3 3 1 2 3 2 1

, (1 ) (1 ),

(1 ) (1 )(1 ),

= = − = −⎧
⎨ = − − = − − …⎩
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 Therefore, the inverse relationship at arbitrary depth is written as
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 By conversion to a continuous function, Eq. ( 7.10 ) is rewritten as

     { }
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( ) ( )exp log 1 ( ) d .
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⎡ ⎤= −⎢ ⎥⎣ ⎦∫b a a
d    (7.11   )   

 In summary, Eq. ( 7.11 ) is used to estimate the detected void fraction from the 
true void fraction while Eq. ( 7.8 ) gives the true void fraction from the detected void 
fraction that is measured with the ultrasonic pulse. Obviously, these two equations 
are symmetric to one another, and the solutions are perfectly reversible so long as 
the detected void fraction satis fi es the condition

     0

1
( )d 1.

y
y y ≤∫ b

d    (7.12   )   

 The foregoing condition is always satis fi ed if the function   b  ( y ) is de fi ned by the 
distribution of the  fi rst-detected bubbles, i.e., the ultrasound detects a single bubble 
located closest to the transducer. In other words, the function   b  ( y )/  d   is de fi ned as the 
probability density distribution of the  fi rst-detected bubbles, the full-range integral 
of which is unity.  

    7.3.2   Buoyancy-Driven Two-Phase Flow in Aeration 

 There is a need in engineering to measure the void fraction inside a reactor, such as 
reactors used in water treatment, sedimentation, fermentation, and the re fi nement of 
metals. In such systems, media are highly contaminated with a variety of suspen-
sions. The ultrasonic sensing of the void fraction is hence expected because optical 
techniques are often unavailable. As a basic examination, the bubbling behavior in 
a water tank is measured using the present method. 

 Figure  7.21a  shows the  fl ow con fi guration. Air bubbles are injected through three 
capillary needles connected to an air induction tube. Bubbles range from 1.0 to 
2.5 mm in diameter. An ultrasonic transducer is placed on a sidewall of the tank to 
measure the bubbles in the horizontal direction. As the Weber number of bubbles is 
around 4, bubbles rise in zigzag and spiral modes, resulting in a  diffused pro fi le in 



248 H. Murakawa et al. 

the upper part of the tank. The geometric relationship between the path of ultra-
sound and the three injection needles is shown on the right of the  fi gure. Ultrasound 
detects only the bubbles that are inside the ultrasound beam. Hence, the void frac-
tion is de fi ned as the volume of these bubbles divided by the cylindrical volume of 
the beam. As shown in Fig.  7.21b , the  fi rst re fl ecting bubbles are distributed more 
frequently nearer the transducer. The void pro fi le,   b  ( x ), is thus biased on the left 
side. The transform using Eq. ( 7.8 ) gives the estimated pro fi le of the real void fraction, 
 a ( x ) (as shown by solid circles) and is  fl atter in the horizontal direction than   b  ( x ). 
Figure  7.21c  presents the time-averaged void fraction measured by image processing 
for 60 frames. The image processing originally measures the two-dimensional 
shadow area fraction of bubbles. Hence, it has been converted to the projection void 
fraction using the estimated thickness of the bubble distribution in the direction 

  Fig. 7.21    Measurement of bubble distribution in buoyant bubble  fl ow in a quiescent tank. ( a ) Flow 
and measurement con fi gurations. ( b ) Void fraction measured by the present method. ( c ) Void frac-
tion measured by image processing for the same condition as ( b ) (reprinted from [ 8 ] with permis-
sion from IOPsciense)       
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perpendicular to the image plane. The comparison with the result indicates that the 
mean values of the void fraction roughly match each other. The discrepancy is found 
to have a spiky distribution seen in the image processing, which is not detected by 
ultrasound. This discrepancy originates from the different volumes in de fi ning the 
local volume-averaged void fraction. Image processing detects the pixel-by-pixel 
void fraction so that local chained bubbles in a row a few millimeters long are cap-
tured. Ultrasound does not detect such bubbles; however, it captures the pro fi le 
smoothed in the beam direction. To increase the accuracy, one feasible idea is to 
mount another ultrasonic transducer on the opposite side of the tank; this will also 
guarantee a symmetric resolution about the beam direction.   

    7.3.3   Upward Jet Containing Small Bubbles 

 As another demonstration of upward bubbling  fl ow, we measured the bubbly two-
phase  fl ow ejected from a nozzle with inner diameter of 13 mm. Bubbles were 
injected from eight capillary needles with inner diameter of 0.12 mm, which were 
mounted inside the nozzle. The bubble size observed in the downstream ranged 
from 0.5 to 3.0 mm when the initial jet velocity was set as 2 m/s (Fig.  7.22a ). One 
objective of the demonstration was to determine how the small bubbles are main-
tained in the shear layer downstream  [  17  ] , which is important for estimating the 
persistency of the jet-modifying effect of bubbles. The void fraction measured 
employing the ultrasonic method is shown in Fig.  7.22b . The individual bubble was 
measured using the echo intensity technique. Two gas  fl ow rates were supplied at 
the nozzle: 2.5% in case 1 and 5.0% in case 2. We con fi rmed that the bubbles clearly 
tended to accumulate in an annular shear layer of the jet. This accumulation is 
explained by the distribution of enstrophy (i.e., the roll vortex beside the jet center), 
which keeps bubbles within the shear layer of the local pressure gradient in each 
vortex. The asymmetric pro fi le of the void fraction seen along the path of the ultra-
sound pulse is related to the  fl ow instability that occurs in the azimuthal direction. 
The source of the instability is similar to that seen in two parallel planar jets.  

 Figure  7.22c , d compares the void fraction pro fi les between ultrasonic and opti-
cal techniques. Because image processing is restricted for the cylindrical structure 
of the bubbly jet, the projection void fraction (i.e., void fraction integrated in the 
direction of the viewing axis) is obtained by converting the data of Fig.  7.22b  to 
compare the two results in the same frame. The projection void fraction is derived 
by integrating the two-dimensional void fraction distribution in the viewing direc-
tion. The two-dimensional void fraction is given by projecting the on-beam void 
fraction in the azimuthal direction assuming axisymmetricity. The result shows 
signi fi cant differences between the two results, caused by the difference in spatial 
resolution as explained in the previous test case. However, the following two points 
are con fi rmed. Case 1 has a higher peak of the void fraction near the jet central axis, 
and case 2 has a more diffused pro fi le far from the center. These points are  consistent 
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with the phenomenological understanding of a two-phase jet. Therefore, we could 
say that the functionality of the present ultrasonic technique has been con fi rmed.  

    7.3.4   High-Speed Two-Phase Turbulent Boundary 
Layer of a Model Ship 

 Figure  7.23  presents measurement data of the bubble distribution inside a turbulent 
boundary layer of a model ship. The ship was towed at two different speeds in a 
400-m-long tank. The length of the ship was 50 m, and the ultrasonic transducer for 
measuring the void fraction at its base was located 27 m from the bow of the ship. 
The purpose of this experiment was to con fi rm and elucidate the frictional drag 
reduction of a ship by injecting small bubbles into the boundary layer. The drag was 
reduced to around 85% (i.e., 15% drag reduction) by injecting bubbles, which was 
determined from the towing force. We wished to determine the void fraction pro fi le 
in the boundary layer, which is dif fi cult to estimate theoretically because of the 
turbulent  fl ow with a very high Reynolds number of around  Re  = 108 and bubbles 

  Fig. 7.22      Measurement of the upward bubbly two-phase jet ejected from the concentric nozzle. 
( a ) Measurement target and bubble image. ( b ) On-beam void fraction measured by the present 
method. ( c ) Projection void fraction estimated from the ultrasonic data. ( d ) Projection void fraction 
measured by image processing (reprinted from [ 8 ] with permission from IOPsciense)       
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with a very high Weber number of  We  = 103. In addition, it is impossible to accu-
rately simulate such a boundary layer for numerical analyses in any type of two-
phase  fl ow model. However, it is known that there is drag accumulated near the 
layer of the peak Reynolds shear stress. In short, it is desirable to have a void frac-
tion pro fi le similar to the Reynolds shear stress pro fi le to maximize drag reduction. 
However, it has not been possible to measure and evaluate the void fraction pro fi le 
for a bubbly turbulent boundary layer with such high  Re  and  We  numbers to date. As 
shown in Fig.  7.23a , the bubbles closest to the transducer are detected by ultrasound 
sensing. In this case, the Doppler technique is applied. The time-averaged pro fi le of 
the  fi rst-re fl ecting bubbles,   b  ( y ), is then obtained. The transform to the true void 
fraction leads to the pro fi les shown in Fig.  7.23b . From the results for the two dif-
ferent towing speeds, it is con fi rmed that the peak void fraction is 24 mm from the 
ship’s bottom surface for the towing speed  U  = 4.00 m/s and 11 mm for  U  = 5.14 m/s. 
These results clearly indicate that the peak void fraction occurs considerably deeper 
than the location of the peak Reynolds shear stress. This  fi nding implies that we can 
further improve drag reduction by optimizing the bubbling conditions. Moreover, 
using these new data, we can discuss why the peak approaches the ship hull in the 
high-speed condition; this is tightly connected to the following strategy for promot-
ing drag reduction.  

 Providing an array of ultrasonic transducers, the void fraction distribution in 
higher dimensions can be measured in real time with the help of a computer tomography 
algorithm  [  18–  20  ] . Such a technique is expected to be applied in the engineering 
application of a heterogeneous structure of two-phase  fl ows.   

  Fig. 7.23    Measurement of bubble distribution in the turbulent boundary layer of a towed ship. 
( a ) Detected bubbles. ( b ) Void fraction pro fi les reconstructed (reprinted from [ 8 ] with permission 
from IOPsciense)       
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    7.4   Vector Pro fi ling Method 

    7.4.1   Introduction 

 Essentially, a  fl ow  fi eld is four dimensional, including time as represented as 
 v  =  v ( x , t ); a full representation of a  fl ow  fi eld requires the three functions of the 
velocity components ( u ,  v ,  w ) as spatial functions ( x ,  y ,  z ) and time ( t ). Therefore, in 
experimental study for  fl uid dynamics, the goal is to obtain such information. 
Recently, such ideal measurement may be realized by the dramatic progress of par-
ticle image velocimetry (PIV). However, PIV cannot be applied to opaque  fl uids and 
an opaque apparatus. On the other hand, UVP is a very effective tool for velocity 
pro fi le measurement of opaque  fl uids  [  21,   22  ] . Present UVP systems, however, give 
only a one-directional velocity component on a measurement line, and it is less 
informative in comparison with the velocity vector  fi eld given by PIV. The purpose 
of this study is to overcome this disadvantage of the conventional UVP by expand-
ing the dimension of the velocity vector. A concept of velocity vector pro fi le mea-
surement based on UVP that has been reported by Lemmin et al.  [  23–  25  ]  is 
apparently not suitable for  fl uid dynamic study because the measurement volume is 
too large. So, we advance this concept to be applied to the experiment of  fl uid 
dynamics. In this study, we developed a prototype system that enables us to obtain 
two-dimensional velocity vector pro fi les on a measurement line and applied this 
system to actual  fl ow  fi elds.  

    7.4.2   Measurement Principle 

 The measurement principle of the velocity vector pro fi le measurement that was 
established by Lemmin et al.  [  23–  25  ]  is described in Fig.  7.24 . This system consists 
of a central emitter of ultrasound and surrounding multiple receivers. An ultrasonic 
pulse is emitted into  fl uids from the emitter, and surrounding receivers receive the 
echo re fl ected from tracer particles suspended in the  fl owing medium. At least two 
receivers are required to obtain the three-directional velocity vectors when the emit-
ter is utilized as the receiver (the  fi gure shows a three-receiver con fi guration). By 
analyzing these received echo signals, three-directional velocity components can be 
obtained in the same process as in the conventional UVP for each receiver. Each 
velocity component  v  

 i 
  ( i  = 1, 2, 3) is determined by the following equation: 

     Di 0/ 2 , ( 1,2,3)iv cf f i= =    (7.13  )  

where  c  is the speed of sound in the medium and  f  
Di

  and  f  
0
  are Doppler shift 

 frequency to the direction  i  and the basic frequency of the ultrasonic beam, respec-
tively. In this system, the Doppler shift frequency of each direction is acquired by 
the same method as the conventional UVP, and revision is not required  [  22  ] . 
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Because these receivers have a certain spatial range of receivable area (Fig.  7.24 ), 
it can receive the echo from each point on the ultrasonic beam in this range. 
Therefore, this system can obtain the pro fi le of the three-dimensional velocity vec-
tor along the propagation direction of the ultrasonic beam. In the two-dimensional 
con fi guration shown in Fig.  7.25 , the orthogonal velocity components  v  

 x 
  and  v  

 z 
  are 

determined from the measured velocity components  v  
1
  and  v  

2
  as in the following 

equations: 
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  Fig. 7.24    Schematic illustration of concept of vector measurement using ultrasound (reprinted 
from [ 26 ] with permission from Elsevier)       

  Fig. 7.25    Con fi guration of 
ultrasonic transducers and 
vector formation where  v  

 1 
  and 

 v  
 2 
  are velocity components 

measured by each transducer 
(reprinted from [ 26 ] with 
permission from Elsevier)       
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where the angle formed by emitter, measurement point, and receiver,   q  , is a function 
of the measurement position  x , which follows if the distance between the emitter 
and receiver,  x , is  fi xed:

     
1tan− ξ=

ζ
q    (7.15   )   

 To reduce the spatial uncertainties of the measurement position, reducing the 
diameter of the ultrasonic beam is required. Lemmin and co-workers  [  23–  25  ]  
achieved that by using a phased-array transducer that realized the quite linear beam. 
When a measurement medium is water, because the system can  fi x the diameter of 
an ultrasonic beam to a constant size to the depth of 0.5 m, it is an extremely effec-
tive technique. This adjustment is, however, quite complex, and enlarging the initial 
diameter of the beam is inevitable. In the simpli fi ed system, a focusing ultrasonic 
transducer (F-TDX) that is able to decrease the diameter of the beam by mounting 
an acoustic lens was employed as an emitter. 

 In UVP measurement, position on the measurement line,  x , is obtained as 
time-of- fl ight of the ultrasonic pulse,  t , as

     2

cτξ =    (7.16  )  

and thus  x  is proportional to   t  . This relationship is also satis fi ed to the receiver, 
which is also used as the emitter in the present system. However, in the receiver held 
with an opening angle to the measurement line (see Fig.  7.25 ),  x  is not proportional 
to   t   as represented:

     
2 2+ cξ ξ + ζ = τ    (7.17   )   

 If the same sampling protocol is applied to both receivers, the measurement point 
would differ between the receivers. However, in the system proposed here, the dif-
ference appears to be much smaller than the limit of the sampling speed of the A/D 
board, and we neglected it in the present system.  

    7.4.3   Example of Measurement 

 The wake of a cylinder in a shallow channel  fi lled with silicon oil was measured for 
demonstrating a developed system for a two-dimensional unsteady  fl ow. The con-
struction of the experimental setup is described next. 

 A cylinder with diameter  d  = 10 mm is mounted in a channel, 160 mm wide and 
40 mm high, at 1,700 mm downstream of the inlet of the channel (Fig.  7.26 ). 
The working  fl uid is silicone oil. Ultrasonic transducers, an emitter and a receiver, 
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are mounted on the top of the channel behind the acrylic plate, which is 0.2 mm 
thick. Setting of the transducers is optimized based on the results of the numerical 
simulation for the ultrasonic beam (see Obayashi et al.  [  26  ] ). An intersection of the 
axes of the transducers was chosen for being the focal point of the emitter at 26.7 mm 
from the front of the emitter. The receiver angle is  fi xed at 25°. Position of the mea-
surement line,  l  

 x 
 , is chosen as 3.75  d  from the cylinder.  

 Temporal variation of the obtained velocity vector pro fi le is shown in Fig.  7.27 . 
The sampling period is 30 ms, and the pro fi les are arranged inversely to measure-
ment time (i.e., from right to left). In the area enclosed with a black line in the 
 fi gure, two large vortices can be observed. Because the channel does not have 
enough height in comparison with the diameter of the cylinder, vortex shedding 
seems symmetric to the center of the channel, unlike the Bénard–Kármann vortex 
street (see visualized photograph shown in Fig.  7.28 , where the white line corre-
sponds to the measurement line in this case). It shows, however, that the shedding 
of vortex is periodic.   

 Two-dimensional velocity vector distribution behind the cylinder wake,  v ( x ,  y ), 
can be determined from the temporal variation of the obtained velocity vector 
pro fi les by applying Taylor’s frozen hypothesis, where the spatial value  x  is deter-
mined as

     mx u t=    (7.18  )  

where  u  
m
  is mean stream velocity in the  fl ow channel. Figure  7.27  expresses the 

measurement data displayed in space–time con fi guration and signi fi ed the general 
 fl ow in total sampling time over 19 × 30 ms. And here, vorticity distribution,     w  ( x , y ) 
(= ¶v/¶x−¶u/¶y), can be computed from the velocity vector distribution shown in 
Fig.  7.29 . The four islands (two gray and two white) represent two vortices with negative 
vorticity and two with positive vorticity. The position of each corresponds to the top and 
bottom edge of the cylinder; they appear in an alternating manner. Such alternate vortex 

  Fig. 7.26    Experimental setup 
for measurement of the wake 
of a cylinder in a shallow 
channel (reprinted from [ 26 ] 
with permission from Elsevier)       
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shedding is dif fi cult to con fi rm in the temporal variation of the velocity vector pro fi le 
(Fig.  7.27 ) because of the lesser temporal resolution of the obtained pro fi le (30 ms in 
temporal resolution corresponds to 4.5 mm in spatial resolution, and this value is com-
parable with the size of the vortex). On the other hand, the measurement volume is 
de fi ned as well as conventional UVP by the width of the burst signal and the diameter of 
an ultrasonic beam. By improvement of temporal resolution, this system would contrib-
ute to experiments in  fl uid dynamics.   

    7.4.4   Summary 

 In this section, the velocity vector pro fi le measurement technique with multiple ultra-
sonic transducers is introduced. The active diameter of the ultrasonic beam is 
decreased by using a focusing transducer as an emitter, and it could reduce the spatial 
uncertainty. However, because the active diameter becomes large adversely in the 

  Fig. 7.27    Temporal variation 
of the velocity vector pro fi le: 
the sampling period is 30 ms 
and the pro fi les are arranged 
inversely to measurement time 
(from  right  to  left ) (reprinted 
from [ 26 ] with permission 
from Elsevier)       

  Fig. 7.28    Visualized 
photograph of the wake and 
supplemental illustration 
(reprinted from [ 26 ] with 
permission from Elsevier)       
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region except the focal region, it is necessary for the setting position of the emitter to 
be adjusted so that the target region is measured. In addition, because the focal 
regions are different in every measurement medium under the in fl uence of sound 
velocity, it is important that the focal regions are grasped by preliminary calculations. 
The introduced technique is a measurement system to be composed of two ultrasonic 
transducers and realizes the two-dimensional velocity vector pro fi le measurement on 
the measurement line. The system was also applied to measure two-directional veloc-
ity vector pro fi le of unsteady  fl ow, a wake behind a cylinder in a shallow channel. 
The obtained temporal variation of the velocity vector pro fi le con fi rmed the applica-
bility of the developed system to unsteady  fl ow. The vortex shedding in the wake was 
well reproduced as in the vorticity distribution, which was computed from the tem-
poral variation of the vector  fi eld using the Taylor frozen hypothesis. Although a 
temporal resolution is still not high, we conclude that applicability of the measure-
ment system has been con fi rmed. This technique, which can measure locoregional 
multiple velocity vector pro fi les, is extremely effective in  precision improvement of 
the predictive calculations and the grasp of the properties of the heat  fl ux motion in 
the cooling system of a nuclear reactor that adopted liquid metal as a coolant.   

    7.5   Correlation Method 

 The correlation method is one of the novel signal processing techniques for the ultra-
sound velocity pro fi ler. By the conventional pulse Doppler technique that was 
employed by the commercial ultrasound velocity pro fi ler, multiple sets of  ultrasound 
emission and data acquisition were required to determine the instantaneous velocity 
pro fi le; i.e., a few hundred echo signals must be stored for the determination of the 
single velocity pro fi le along the ultrasound beam. Therefore, the temporal resolution 

  Fig. 7.29    Vorticity distribution 
computed from velocity vector 
distribution (reprinted from 
[ 26 ] with permission from 
Elsevier)       
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of the pulse Doppler technique was restricted to several tens of milliseconds to 
100 ms. Ozaki et al.  [  27  ]  has developed a novel signal acquisition and processing 
system of the ultrasound velocity pro fi ler to improve the temporal resolution of the 
velocity measurement. The system consisted of the sinusoidal tone burst pulser-
receiver as well as the synchronized high speed and high bit count analog-to-digital 
convertor (A/D convertor) with a faster storage memory. Because the system employs 
the cross-correlation method in software and could determine the instantaneous 
velocity pro fi le from the two consecutive echo signals, the sampling frequency of the 
velocity pro fi ling is beyond the kHz range. 

 Figure  7.30  illustrates an example of the re fl ected echo signals from tracer par-
ticles in  fl uid. By the ultrasound transducer, the pulsed sinusoidal ultrasound was 
introduced into  fl uid  fl ows. The tracer particles in  fl uid re fl ect ultrasound as a con-
sequence of the difference of acoustic impedance of the particles.  

 Now, the time   t   represents time difference between ultrasound emission and 
echo detection of the re fl ected ultrasound, and  c  is de fi ned as a sound velocity. 
Distance from the transducer and measurement point,  x , is de fi ned as  x  =  c t  /2, which 
is exactly the same as the pulse Doppler techniques. By acquiring the successive 
echo signals after the time interval of  Dt , quite similar echo signals could be obtained. 
Assuming that the  fl uid  fl ow as well as the tracer particle is moved,   t   could be 
changed. 

 The temporal difference of   t   is  D t  ; the velocity,  u ( x ), at location  x  is expressed as 
follows:

     ( ) /
2

c
u x x t

t

Δ= Δ Δ =
Δ
t

   (7.19  )  

where  Dx  represents the local displacement of the  fl uid  fl ow within a certain time 
interval. When the tracer particle is homogeneously distributed in the  fl uid  fl ow, 
Eq. ( 7.19 ) provides the velocity distribution along the ultrasound beams. 

 In general, the shape of the echo signal is not a simple sinusoidal function but is 
strongly affected by the solid wall, local impedance difference, and size distribution 
of the tracer particles. The characteristics of the echo signal such as amplitude, 

  Fig. 7.30    Phase modulation of the echo signals resulting from the motion of a tracer particle       
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phase, and envelope pro fi le were signi fi cant information for the correlation 
 calculation. If the time interval between a pair of successive echoes,  Dt , is quite 
small, the similarity of the echo signals is high. In other words, almost the same 
sinusoidal signal is observed with the phase modulation because of the velocity 
distribution in  fl ow  fi eld. Consequently, the phase modulation between two echo 
signals corresponds to the local velocity distribution of  fl uid  fl ow. By the signal 
processing technique, the phase modulation could be extracted by using a cross-
correlation function. 

 The similarity of the two echo signals,  h ( t ) and  g ( t ) ,  could be quanti fi ed by the 
cross-correlation coef fi cient as follows:
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   (7.20   )   

 The normalized cross-correlation coef fi cient,  R , is the value that represents the 
similarity between the  fi rst and second echo signals. To determine the peak location 
of the correlation coef fi cient, the correlation value distribution must be calculated. 
Because the echo signal captured by the A/D convertor is not a continuous function 
but a set of discrete values, the calculated cross-correlation coef fi cient is the discrete 
function as well. Therefore, the function  fi tting was used to determine the accurate 
displacement of the echo signals between consecutive signals, which is used for the 
sub-pixel displacement of particle image velocimetry (PIV). The function  fi tting 
enables us to improve the resolution of the displacement determination of the echo 
signals as well as the velocity resolution. 

 Let the  fi rst and second echo signal be reference wave and interrogation wave, 
respectively. Figure  7.31  shows an example of the cross-correlation function 
between echo signals. The peak value of the function must  fi rst be determined. 
Then, the sub-pixel displacement could be calculated from the peak value of the 
cross-correlation coef fi cient and the neighboring coef fi cients. Following is the 
modi fi cation equation by the Gaussian curve  fi tting: 
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where  R  
 k 
  and  k  denote the discrete correlation coef fi cient and peak index of the 

coef fi cient, and  R  
 k-1 

  and  R  
 k+1 

  are the contiguous correlation coef fi cients. 
 For the correlation technique, the sampling frequency of the A/D convertor must 

be much faster than that of the fundamental frequency of the ultrasound. In contrast 
to the conventional pulse Doppler technique of an ultrasound velocity pro fi ler, the 
entire echo signal must be continuously acquired to determine the displacement of 
the local sinusoid and to determine the local velocity along the ultrasound beam. 
The fundamental frequency of the ultrasound is 2–8 MHz by noting the spatial 
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 resolution of the velocity measurement as well as the diverging angle of the acoustic 
beam. Therefore, the representative sampling frequency and bit resolution of the 
A/D convertor are more than 100 MHz and 8 bits, respectively. For example, 200 kB 
of storage memory is necessary for the acquisition of a couple of echo signals with 
a 100 MHz analog to digital convertor, measurement depth of 70 cm, and pulse 
interval of 1 ms. For continuous 1 s acquisition, 100 MB of storage memory is 
required. Such faster and larger amounts of data acquisition are possible because of 
the recent development of the faster RAM of computer systems. 

 Figure  7.32  shows an example of the velocity distribution in a circular pipe by 
means of the novel correlational UVP technique  [  27  ] . In the study, the internal 
diameter of pipe was 44 mm and Reynolds number was ~10,000. The measured 
result by laser Doppler velocimetry (LDV) is also shown in Fig.  7.32 . Inclined angle 

  Fig. 7.31    Function  fi tting for 
the discrete cross-correlation 
coef fi cients for the estimation 
of sub-pixel displacement       

  Fig. 7.32    Comparison of velocity distributions in a pipe between cross-correlation UVP and laser 
Doppler velocimetry.  Re  = 10,000       

 

 



2617 Extended Techniques

between pipe and transducer was 45°; the mean and root mean square (RMS) of 
absolute velocity was calculated from the 3,000 velocity pro fi les. As the LDV tech-
nique is a point-measurement technique, the entire optical system must be moved 
by means of the one-dimensional traverser to measure the pro fi le of velocity in  fl ow. 
The UVP system, in contrast, does not require the mechanical traverse of the mea-
surement system.  

 Figure  7.33  depicts the temporal pro fi le of the velocity at the center of pipe and 
in the vicinity of the wall of the pipe. Pulse repetition interval was 0.5 ms, which is 
equivalent to the sampling frequency of 2,000 Hz. By the results of the correlational 
UVP technique, the magnitude of velocity is larger and the  fl uctuation component 
is smaller at the center of the pipe. The technique enables us to measure  fl ow  fi elds 
with a higher Reynolds number, to analyze the high-frequency  fl uctuation of the 
 fl uid  fl ow, and to investigate the spatial correlation of the velocities and other physi-
cal quantities between different positions in turbulence.       
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   Acoustic Properties 

 Here we summarize the acoustic properties of liquids (Table  A.1 ) and solids 
(Table  A.2 ). 

 The speed of sound in water,  c  
 w 
 , depends on both temperature and pressure. The 

dependence is described as

    

w
2 4 3

0

6 4 9 5 6 5
0
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(A.1)

  

where  T  is temperature in °C and  p  
0
  is absolute pressure in Pascals. This equation 

was obtained as a  fi tting curve on experimental data taken between 0 and 99.9°C. 
 If you need further information about acoustic properties, please visit the appro-

priate websites  [  1,   2  ] . Povey  [  3  ]  also provides the speed of sound in some solutions 
with different concentrations and the speed in bulk of some mixtures.  

   Ultrasonic Transducers 

 Figures  A.1  and  A.2  show ultrasonic transducers for ultrasonic Doppler velocity 
pro fi ler (UVP) measurement that can be purchased commercially. Speci fi cations of 
the transducer are summarized in Tables  A.3  and  A.4 , respectively. Please read Sect. 
2 to understand the details of the transducers and the content of the tables.  
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   Table A.1    Acoustic properties of liquids   

 Material 
 Speed of 
sound (m/s) 

 Density 
(10 3  kg/m 3 ) 

 Acoustic impedance 
[10 6  kg/(m 2  s)] 

 Temperature 
(°C) 

 Water  1,480   1.00  1.483  20 
 Seawater  1,531   1.025  1.569  25 
 Ethanol  1,207   0.79  0.95  25 
 Methanol  1,103   0.791  0.872  25 
 Silicone oil (1 cSt) a   960   0.818  0.74 
 Silicone oil (10 cSt) a   968   0.94  0.91 
 Silicone oil (1,000 cSt) a   990   0.972  0.96 
 Gasoline  1,250   0.803  1.00 
 Glycerin  1,904   1.26  2.34  25 
 Fluorinert FC-40  640   1.19  1.86 
 Fluorinert FC-75  585   1.76  1.02 
 Liquid gallium  2,870   6.09  17.5  30 
 Lead bismuth eutectic  1,750  10.2  N/A  125 
 Mercury  1,450  13.5  19.58  25 
 Sodium  2,420   8.81  21.31  300 

   a  cSt  centi-Stokes  

   Table A.2    Acoustic properties of solids   

 Material 
 Speed of 
sound (m/s) 

 Density 
(10 3  kg/m 3 ) 

 Acoustic impedance 
[10 6  kg/(m 2  s)] 

 Acrylic resin  2,730  1.18   3.2 
 Mild steel  5,900  7.8  46 
 Stainless steel (347)  5,790  7.89  45.7 
 Aluminum  6,320  2.7  17 
 Copper  4,700  8.9  42 
 Tin  3,320  7.3  24 
 Pyrex glass  5,640  2.24  13.1 

  All properties in the table are for longitudinal wave  

  Fig. A.1    Photograph of ultrasonic transducers provided by Met- fl ow S.A.  [  8  ]        
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   Couplants 

 One of the advantages of the UVP method is that a sensor (transducer) can be set 
outside the containing wall, which enables avoiding any disturbance to the  fl ow, i.e., 
noninvasiveness. In such con fi gurations, a gap between the transducer front surface 
and the wall surface has to be  fi lled with any substance that eliminates the air layer 
to prepare a smooth transition of acoustic impedance from the transducer to the 
wall. This requirement is also true even when two surfaces make direct contact 
without inclination of the transducer, because the surface roughness of the materials 
inevitably holds an air layer between the two surfaces. 

 In a simple con fi guration water is used as it is for nondestructive testing. Or, an 
ultrasonic gel is widely used in medical applications. Both couplants are effective 
for our applications also. The latter is composed mainly of water, but the composi-
tion varies from product to product. 

   Table A.3    Lineup of ultrasonic transducers provided by Met- fl ow S.A.  [  8  ]    

 Central 
frequency (MHz) 

 Active diameter 
(mm) 

 Overall 
diameter (mm) 

 Focal distance 
(mm) 

 Divergence half-angle 
(degrees, °) 

 0.5  19  23  30.5  4.6 
 1  13  16  28.5  3.4 
 2  10  13  33.8  2.2 
 4   5  8  16.9  2.2 
 8   2.5  8   8.5  2.2 

  Fig. A.2    ( a ) Head. and ( b ) overview of a probe (8 K2.5-H ( c ) Central frequency 8 MHz, active 
diameter 2.5 mm). Schematic of standard transducers provided by Japan Probe Co.  [  9  ]        

   Table A.4    Conditions for producing ultrasonic transducers by Japan Probe Co.  [  9  ]    

 Central frequency  Active diameter  Operating temperature limit 

 0.1–10 MHz  2–50 mm  120°C 
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 It is important to know that gel dries, so that it should be refreshed from time to 
time, especially when the surface or surrounding temperature is high. Special prod-
ucts of high-temperature couplant are available; for example, Sono 600 is applicable 
for ultrasonic  fl aw inspections in high-temperature environments up to 260°C 
[acoustic impedance is 1.35–1.40 × 10 6  kg/(m 2  s)]  [  4  ] .  

   Seeding Particles 

 Examples of tracer particles for UVP measurements that can be purchased on the 
market are speci fi ed in Table  A.5 . Please refer to Sect.   3.2.6     to know the require-
ments for tracer particles. 

 Particle motions in unsteady  fl ows are described by equations of motion of a 
particle (Maxey–Riley equations  [  5,   6  ] ), for example:
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where  u  
 p 
  and  u  

 f 
  are the velocity vector of the particle and the  fl ow at a point,  d , and 

  r   
 p 
 ,   r   

 f 
 , and   n   are the diameter and density of the particle and the density and kinetic 

viscosity of the  fl uid, respectively. The foregoing equation, Eq. ( A.2 ), takes into 
account four forces, namely, viscous drag, pressure gradient force, added mass, and 
Basset history force (development of boundary layer). Further, lift force, buoyancy, 
or centrifugal force would not become negligible in some cases.  

   Table A.5    Speci fi cations of seeding particles commercially available   

 Product name  Type  Material 
 Mean 
diameter ( m m) 

 Density 
(g/cm 3 )  Supplier 

 Griltex 5P1  Sphere  Nylon  75  1.06  EMS Co. Ltd. 
 DIAION 

HP20SS 
 Porous 

sphere 
 Divinylbenzen  ~100  1.02  Mitsubishi 

Chemical Co. 
 SEPABEADS 

SP20SS 
 Porous 

sphere 
 Divinylbenzen  ~50  1.02  Mitsubishi 

Chemical Co. 
 Flobeas 

CL-2507 
 Sphere  Polyethylene  180  0.919  Sumitomo Seika 

Chemicals Co., Ltd. 
 HGS  Hollow 

sphere 
 Glass  10  1.1  Dantec Co. 

 Q-Cel  Hollow 
sphere 

 Glass  50–90  0.14–0.48  Potters Industries LLC 

 Spherical  Hollow 
sphere 

 Glass  12–47  0.25–1.10  Potters Industries LLC 

http://dx.doi.org/10.1007/978-4-431-54026-7_3#Sec20_3
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   Ultrasonic Absorbers 

 Detection of a spurious echo signal often cannot be avoided, depending on the geo-
metric con fi gurations and seeding conditions. Especially in the small contained 
con fi guration where there are many solid materials around the measurement vol-
ume, multiple scattering of the ultrasonic pulse bouncing from these solid walls 
causes time-frame aliasing, which deteriorates the velocity pro fi le to an annoying 
extent. It is therefore important to design measurement con fi guration such that a 
pulse re fl ected on the wall shall not reach back to the transducer by arranging the 
beam line in an appropriate manner. A key practice for this is to use the oscilloscope 
to monitor the echo signal. This step is especially important where a re fl ection on 
the free surface is foreseen, because a re fl ection from the moving free surface will 
destroy the velocity pro fi le from measurement frame to frame. 

 It is still often unavoidable to have echo re fl ected from the wall. In such cases a 
special ultrasonic absorbing material can be used to replace the wall material or to 
cover the wall surface by the absorber. Figure  A.3  shows an example of eliminating 
echo re fl ected from the wall. The front face of a 2-MHz ultrasonic transducer is 
located at 1,500 mm from the wall of a rectangular tank 2,000 mm long. The tank is 
 fi lled with water and the transducer is fully submerged in the water. The  fi gure indi-
cates the average echo pro fi le with or without attaching an ultrasonic absorbing 
plate (EUA201A is shown in Fig.  A.5a ) on the wall of the tank. The wall position 
from the transducer is outside the range in this graph, and the large peak on the 
pro fi le indicated by the arrow is the second re fl ection from the wall: the emitted 
ultrasonic pulse propagated between the walls in the tank twice before the trans-
ducer detected it. The pro fi le utilizing the absorber seems smooth, and the echo of 
the second re fl ection is eliminated. 

  Fig. A.3    Averaged echo 
pro fi le recorded in a 
2,000-mm-long rectangular 
tank with or without an 
ultrasonic absorbing plate 
placed on the wall       
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 Figure  A.4  shows photographs of ultrasonic absorbing plates that can be pur-
chased on the market  [  7  ] . Table  A.6  speci fi es the characteristics of the plates. Using 
AptFlex makes possible to design a universal shape of test sections with the absorb-
ing material. Figure  A.5  shows a cylindrical test section made of AptFlex for 
 fl owrate measurement of bubbly  fl ows (see Sects.   5.5     and   7.3    ).               

  Fig. A.5    Cylindrical test 
section made of ultrasonic 
absorbing material (AptFlex; 
see Table  A.6 )       

  Fig. A.4    ( a ) Photographs of ultrasonic absorber EUA201A. and ( b ) EUA101A provided by 
EASTEC Co. (speci fi cations of the materials are summarized in Table  A.6 )       

   Table A.6    Speci fi cations of ultrasonic absorbers provided by EASTEC Co.  [  7  ]    

 EUA201A  EUA101A  AptFlex 

 Material  Polyurethane  Polyurethane  Polyurethane 
 Range of frequency for US  > 0.5 MHz  > 0.7 MHz  > 0.4 MHz 
 Echo reduction at 1 MHz  25 dB  40 dB  2.29 dB/mm 
 Size (mm)  300 × 300 × 10  120 × 95 × 14 

 250 × 200 × 14 

 

 

http://dx.doi.org/10.1007/978-4-431-54026-7_5#Sec39_5
http://dx.doi.org/10.1007/978-4-431-54026-7_7#Sec13_7
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  Pulser-receiver , 147   
  PZT.    See  Lead titanate zirconate 

(PZT)   

  Q 
  Quadrature-phase demodulation , 50    

  R 
  Rayleigh–Bénard convection , 129   
  Rayleigh limit , 28   
  Rayleigh wave , 39   
  Re fl ection , 25   
  Re fl ection coef fi cient , 26   
  Reproducibility , 74   
  Reynolds decomposition , 95   
  Reynolds shear stress , 95, 221, 251   
  Reynolds stress , 183   
  Rheology , 146   
  Rheometry , 146   
  Rigid body rotation , 72   
  River , 190    

  S 
  Scattering , 28   
  Seeding , 56, 60   
  Separated shear layer , 121   
  Separation bubble , 121   
  SFC.    See  Solid fat content (SFC)  
  Shear rate , 148   
  Shear strain , 155   
  Shear thickening , 151   
  Shear thinning , 146, 152   
  Shear wave , 22, 57   
  Ship , 250   
  Singular value decomposition 

(SVD) , 94   
  Skewness , 75   
  Slug  fl ow , 176   
  Snapshot POD , 94   
  Snell’s law , 26   
  Sobel  fi lter , 239, 243   
  Solid fat content (SFC) , 215   
  Sound pressure , 22   
  Sound pressure level (SPL) , 32   
  Sound velocity , 162   
  Spallation target , 139   
  Spatial root mean square , 120   
  Speed of sound , 23   

  Spin-down , 154   
  Spin-up , 72, 74, 154   
  SPL.    See  Sound pressure level 

(SPL)  
  Standard velocity  fi eld , 72   
  Standing waves , 28, 237   
  Stationary wave , 66   
  Steel penstock , 187   
  Stereoscopic transducer , 221   
  Sub-pixel displacement , 259   
  Success rate , 77   
  Surface switching , 116   
  Surface wave , 39   
  SVD.    See  Singular value decomposition 

(SVD)   

  T 
  Taylor bubble , 178   
  Taylor–Couette  fl ow , 109   
  Taylor voltex  fl ow , 167   
  Thermal processing , 211   
  Thermal turbulence , 131   
  Time domain processing , 51   
  Time-frame aliasing , 65   
  Time-of- fl ight , 44   
  Time resolution , 54   
  Transit time ultrasonic  fl owmeter , 

202   
  Transmission , 25   
  Transmission coef fi cient , 26   
  Turbidity  fl ow , 186   
  Turbulent intensity , 95   
  Turbulent statistics , 94    

  U 
  Ultrasonic beams , 30   
  Uncertainty , 209   
  UVP+PD method , 146, 210    

  V 
  Vector pro fi lle measurement , 252   
  Velocity aliasing , 64   
  Velocity-variance technique , 239   
  Velocity vector , 83   
  Visco-elastic liquid , 154   
  Viscous coef fi cient , 148   
  Viscous strength , 155   
  Void fraction pro fi ling , 244   
  Volumetric  fl owrate , 202   
  Von Kárman vortex street , 112   
  Vorticity , 255    
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  W 
  Wave equation , 23   
  Wedge , 57, 58, 187   
  Wettability , 144   
  Wind , 129   
  Wormersley number , 165    

  Y 
  Yield stress , 155, 159   
  Y-type angled beam transducer (YABT) , 221         
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