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Abstract 
 

Understanding turbulence at high Reynolds and high Rayleigh number is one of the unsolved 

fundamental problems in science. Recently, new scaling behavior and structures have been 

discovered in thermal convection at very high Rayleigh number by utilizing low temperature gas or 

liquid metals. However, strong coupling between velocity and thermal field in convection was 

offering both experimental and theoretical difficulties. Measurement of velocity field in thermal 

convection has been a hard problem until very recently. In this work, we succeeded in measuring 

velocity field of thermal turbulence of mercury instantaneously by using ultrasonic velocimetry. 

Interesting fluctuating dynamics of the mean flow and universal nature of the kinetic energy cascade 

are elucidated utilizing spectral decomposition and reconstruction. Scaling properties of the structure 

functions and the energy spectrum are directly calculated without the use of Taylor's frozen-flow 

hypothesis for the first time. Despite the complex nature of the mean flow, it is found that the energy 

cascade process exhibits universal laws in thermal turbulence. 
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INTRODUCTION 

A vortex ring can be seen in various natural phenomena 
regarding intermittent fluid flow such as volcanic fumes and 
smoker’s rings. It has a long history of research from various 
points of views from pure scientific study to advanced 
engineering application. Especially the vortex ring has been 
chosen as a good research target to obtain fundamental 
knowledge on flow transition or instability caused by nonlinear 
phenomena of fluid flow [1][2]. Recent topics associated with 
vortex rings are the mechanism of downburst as a motion of 
large vortex ring [3], the interaction of flame with vortex ring 
[4][5], the vortex ring generated by a bursting bubble [6], the 
sound noise generation by vortex-pairing [7], and the 
atomization of droplets in fuel injection for IC engines [8]. On 
the other hand, vortex rings have often been employed as 
paradigms to test flow measurement techniques such as LDV 
and PIV because the vortex ring is one of elementary structures 
of fluid flow expressed mathematically [9]. In the past 
characteristics of vortex rings, such as their translational 
velocity, the ring diameter, and the ring’s axial length, was 
studied by means of dye visualization and LDV [10]. Recently 
velocity measurements based on digital image processing such 
as PIV was employed to investigate vortex rings [11][12]. 

In this study, UVP (Ultrasound Velocity Profiler,[13]) is 
used to acquire those parameters directly from the 
two-dimensional flow field, which is measured by three 
ultrasound transducers. Utilization of UVP allows us to 
measure the on-beam velocity profile at real time, thereby the 
suitable experimental condition for generating ideal vortex 
ring can be found in a short working time. In addition, the 
repetition of measurement for treating irregularity of the vortex 
is easily performed. In this paper we report first results on the 
flow measurement technique based on multiple channel UVP, 

the flow field reconstruction method, and the difference of 
internal structure accompanied with changing the piston speed 
and the piston stroke of a vortex ring generator. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.1 Overview of experimental facility 
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ABSTRACT 

The dynamics of a vortex ring generated at the tip of a nozzle which is fixed on the top of a cylindrical water tank 
are investigated using UVP (Ultrasound Velocity Profiler). The instantaneous velocity profiles on three ultrasound 
beams are obtained to reconstruct two-dimensional structure of vortex ring. The nozzle diameter is Do=50mm and 
experiments were performed for varying piston speeds and strokes of the vortex ring generator. The measurement 
section is 5Do from the vortex ring generator, at which the vortex ring involves the influence of transient structure 
before reaching developed state. The translational velocity, the diameter, and the length of the vortex ring are 
quantitatively evaluated from the two-dimensional velocity field as function of dimensionless piston stroke and 
Reynolds number. The results have shown that the vortex ring has a certain condition to be generated clearly in the 
initial developing region. The typical length scales coincide with earlier studies, and thereby the availability of UVP 
for the intermittent flow measurement has been confirmed. 

Keywords:  Vortex ring, UVP, Flow field reconstruction, Multi-dimensional flow measurement 
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EXPERIMENTAL METHOD 

Experimental facility 
Fig.1 shows overview of experimental facility. A vortex 

ring generator, which is composed of a cylindrical nozzle and a 
reciprocating piston, is fixed on the top of a water tank with 3m 
heights and 1m widths. The vortex ring is emitted downward in 
water. The diameter of the nozzle D0 is 50mm and the piston to 
push out the vortex ring is connected with a stepping motor 
controlled by computer, so the stroke S and the piston speed V 
are control parameters. The acceleration and the deceleration 
of the piston are fixed at 30m/s2. The water temperature was 
9.2 deg C, therefore, the kinematic viscosity is 1.30 x 10-6 m2/s 
and the density is 0.998 x 103 kg/m3. Vortex rings for 43 
different parameter combinations were investigated – these test 
cases are summarized in Table 1. The numbers in the cells of 
Table 1 identify the number of the experiments. 

 
  Table 1. Experimental conditions 
 
 
 
 
 
 
 
 
 
 
 
Injection of tracers 

  Hydrogen bubbles are used as fluid tracers for providing 
echo, i.e., ultrasound reflector. The bubbles are generated 
using two platinum wires of 0.5mm in diameter and 100mm in 
length. The wires are connected to a DC power by parallel 
circuit. 30V-DC power was enough to supply hydrogen 
bubbles with a sufficient number density around the target 
volume of the measurement. The mean bubble rise velocity 
was 20mm/s in quiescent water, so the mean diameter is 
estimated to be 0.27mm by assuming Levichi’s drag 
coefficient (CD=48/Re), which is around 1/5 of the wavelength 
of 4MHz ultrasound in water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2 Definition of measurement space 
 

Arrangement of ultrasound transducers 
  In order to obtain the velocity profiles on multiple 

measurement lines, three ultrasound transducers were mounted 
inside the tank as shown in Fig.2. The transducer A provides 
the axial (vertical) velocity component, the transducer B the 

lateral (horizontal), and the transducer C the oblique velocity 
component, respectively. The three ultrasound beams cross at 
x=250mm, i.e. 5 times the diameter of the vortex ring generator. 
The measurable radius from the cross point R is 160mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Velocity vector obtained by two velocity profiles 
 
Reconstruction of two-dimensional flow 

  The vortex ring often has a three-dimensional structure in 
the initial region of the nozzle and in the transition region to 
turbulent flow before breaking up. However the primary flow 
is axisymmetic two-dimensional, and it is maintained in a 
certain distance from the nozzle. We have tried to measure the 
two-dimensional velocity vector field at the measurement 
space by combining multiple measurement data obtained in 
different direction. The velocity vector of the flow is calculated 
from two componential velocities, obtained by transducers B 
and C. As shown in Fig.3, the transducer B provides the lateral 
velocity u1 (u1, v1). Here u1 is the lateral component, and v1 the 
axial component. We set the transducer B in a horizontal plane 
so that v1=0. The transducer C provides oblique components u2 
(u2,v2) at the angle of θ=45 degree. Expressing the real velocity 
vector of the flow by u (u, v), the differential velocity vector 
(u2-u) and u2 cross in perpendicular, therefore, 

2 2( ) 0− =u u ui             (1) 
The velocity component u of u corresponds to u1 or the 

direct measurement velocity UB since the transducer B is set in 
a horizontal plane, i.e., 

 1 Bu u U= = .             (2) 
Hence, eq.(1) can be rewritten with the components by, 
 .0)()( 22221 =−+− vvvuuu            (3) 
  This equation gives the velocity component v by the 

following form, 

 )( 21
2

2
2 uu

v
uvv −−= .            (4) 

  The velocity components of u2 (u2, v2) are calculated from 
the velocity Uc measured by the transducer C as follows, 

   θcos2 CUu = ,            (5) 

θsin2 CUv = .            (6) 
  Thus, the velocity components u and v are calculated by, 
 Bu U=               (7) 

 ( ) 1sin tan ( cos )C B Cv U U Uθ θ θ−= − −           (8) 
  The velocity vector field of the vortex ring can be 

reconstructed by assuming that the vortex ring keeps its 
two-dimensional flow structure in a short period or in a short 
distance. Namely, the vortex ring to be measured must not 
change its own structure in the measurement space within 
R=160mm. Fortunately, ordinary vortex rings are stable for a 
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certain long distance up to hundreds times as its diameter. 
Using this assumption or the phenomenological fact, the 
velocity vector field is calculated even though the local 
measurement timing differs dependent on the alignment of the 
transducers. 

 
RESULTS AND DISCUSSION 

Translational velocity 
The translational velocity of vortex ring is obtained from the 

temporal change of the vertical velocity profiles measured by 
the transducer A. Fig.4 (a) shows samples of instantaneous 
profiles of the axial velocity. The core part of the vortex ring 
has downward velocity as shown in the graph, and this profile 
migrates with a translational velocity. After the peak velocity 
location in each profile is obtained as function of time as 
shown in Fig.3 (b), the translational velocity and the 
deceleration are measured by fitting the data with second order 
function. The typical deceleration of vortex ring was 10-3 m/s2 
which provided around 3% reduction of the translational 
velocity in the measurement space within R=160mm. The 
decelerations measured in some cases (Cases 3, 7,and 33) were 
more than 30% in the measurement space due to very unstable 
ring structure, however the translational velocity was defined 
as the mean value within the measurement space. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

(a) velocity profiles       (b) peak velocity location 
Fig.4 Velocity profile measured by transducer A 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5 Map of dimensionless translational velocity 
 

Fig.5 shows the measurement data of the translational 
velocity U* which is non-dimensionalized by the piston speed 
V. A Reynolds number for the vortex ring is defined by Re=V 
D0/ν. The dimensionless piston stroke is defined by S*=S / D0. 
The grayscale map expresses larger U* as white while smaller 
as the black. According to the measurement results, U* 
increases almost linearly with S* and also with Re at Re < 2.0
×104 while U* becomes almost constant at Re > 2.0×104. 
This implies that, 1) vortex ring is undeveloped at Re < 2.0×
104, and is developed enough at Re > 2.0 × 104 in the 
measurement space, 2) the translational velocity relative to 
piston speed reaches around 0.5 only in certain optimum 
condition while it has smaller value in case of small S*. 

 

 
 (a) absolute velocity               (b) relative velocity 
 
Fig.6 Velocity vector field of vortex ring for Case 24 

  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7 Vortex ring structure for S*=1.0 and Re=1.0x104. 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Vortex ring structure for S*=3.0 and Re=1.0x104. 
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Fig.9 Vortex ring structure for S*=1.0 and Re=4.0x104. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.10 Vortex ring structure for S*=3.0 and Re=4.0x104. 

 
Two-dimensional flow field 

Fig.6 shows two-dimensional velocity vector field obtained 
by three transducers. The velocity vector shown in (b) is 
relative velocity to the translational velocity measured by 
transducer A so that the circulation structure is easily 
identified. 

Figs.7-10 shows four cases of the two-dimensional flow 
field in relative velocity. Fig.7 is the result of short stroke and 
low speed, Fig.8 just longer stroke, Fig.9 just higher speed and 
Fig.10 longer stroke and higher speed than (a). The result tells 
us that the increase of piston speed makes the structure of 
vortex ring clear and its circulation becomes strong while its 
size hardly changes. On the other hand, as the piston stroke 
increases, the diameter of the vortex ring becomes large. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.11 Vorticity distribution in Case 34 

(S*=2.2, Re=6.0x104) 
  Fig.11 shows the vorticity distribution in Case 34 (see 

Table 1). The relative velocity vectors are overlapped on the 
vorticity color map. We can see that the peak vorticity appears 
approximately on the point at which the relative velocity vector 
gets zero. In the case of faster piston velocity given, multiple 
vorticity peaks emerge but the sign of the vorticity is the same. 
This implies that the vortex ring with a fast translational 
velocity would take a relaxation time to be stabilized. It means, 
the initial structure of the vortex ring, which involves short 
wavelength disturbance, remains in the present measurement 
volume. However the measurement error should be evaluated 
as well, which causes due to several factors including curved 
motion of vortex ring. 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.12 Definition of the diameter and the length of vortex ring 
 

Typical length scales 
Using the velocity vector field data of the vortex ring, the 

diameter and the length of vortex ring have been calculated.  
The diameter of vortex ring; D is defined by the distance 
between two points, on which the axial component of the 
relative velocity vector corresponds to zero. Namely, that is the 
point having the translational velocity. It is not defined with the 
point of vorticity peak (see Fig.12 (a)). The axial length of 
vortex ring; L is defined by the distance between the two points 
on the central axis, on which the axial component of the 
relative velocity gets zero (see Fig.12 (b)). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

— 6 —



4th International Symposium on Ultrasonic Doppler Method for Fluid Mechanics and Fluid Engineering 
Sapporo, 6.-8. September, 2004 

 

Fig.13 Dimensionless vortex ring diameter 
Fig.13 shows the measurement results for the vortex ring 

diameter normalized by the nozzle diameter D0, i.e. D*=D/D0. 
The grayscale map is drawn as function of dimensionless 
stroke and Reynolds number in the same way as in Fig.5. It is 
known that the spatial development of vortex ring is classified 
into four phases, i.e., generation region, laminar region, wavy 
region, and turbulent region before breaking up as shown in 
Fig.14. In the present measurement, the vortex ring from 
generation region to laminar region is measured. Roughly 
speaking, the diameter measured at x=5D0 is reduced by 
increasing the piston speed V or Reynolds number. This is 
because initial circulation given by the piston gets large with 
increasing V, resulting in faster generation of vortex ring. 
However, in the case of V=100mm/s (Re=1.0x104), the 
diameter is exceptionally small because vortex ring itself was 
not formed clearly. For V>500mm/s (Re>5.0x104), the 
reduction of the diameter becomes blunt. On the other hand, 
increasing the piston stroke S* for S* >1 promotes the growth 
o the diameter. Diameters of more than twice the cylinder 
diameter were obtained for S*>2. 

 

 
 

Fig.14 Spatial development of vortex ring in four phases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.15 Dimensionless vortex ring length 
 

 
Fig.16 Translating region varied by length of vortex ring 

 
Fig.15 shows the measurement result for the axial length of 

the vortex ring. The length is one of parameters represent the 
initial structure of vortex ring produced by piston-type vortex 
ring generator as shown in Fig.16. In general, the vortex ring 
length is elongated with increasing the piston stroke S*. This is 

because the total volume of translating fluid inside the vortex 
ring is proportional to the piston stroke. Supposing that any 
vortex ring is generated ideally and similarly, the vortex ring 
length must be completely proportional to the piston stoke. 
However, the actual length of the vortex ring is more 
complicated for two reasons. One is the fact that the diameter 
and the length of vortex ring are dependent on each other, and 
must satisfy the momentum given by the generator. Therefore, 
the relationship between the diameter and the length is not 
linear, resulting in non-symmetric structure generated as the 
piston stroke varies. This tells us simultaneously that there is a 
suitable relationship between the piston stroke and the piston 
speed to generate stable vortex ring in the initial region. 

 
CONCLUDING REMARKS 

  The flow structures of single vortex rings in quiescent 
water have been successfully measured using UVP. At this 
time, the vortex ring is generated by a piston-type vortex ring 
generator, whose behavior varies with two parameters, i.e. the 
piston stroke D, and the piston speed V. The following points 
have been confirmed through the present experimental 
research. 
(1) The two-dimensional velocity vector field of vortex ring 

can be reconstructed by combining three measurement 
data sets of UVP aligned at different angles. Using the 
vector maps, the basic characteristics of the vortex ring are 
quantitatively evaluated using the translational velocity U, 
the vortex ring diameter R, and the vortex ring length L. 

(2) There is a suitable region to generate clear and strong 
vortex rings on the map of dimensionless piston stroke S* 
and dimensionless piston speed denoted by Reynolds 
number. When the stroke S* and Re numbers are too small, 
no clear vortex ring is identified. When the stroke S* is too 
long, the flow becomes like a jet which does not induce 
vortex ring in a short time. When Re number is too large, 
the vortex ring is unstable and takes a relaxation time to 
become stable one. 

(3) The vortex ring diameter D* gets large as Re number 
increases. The diameter is approximately proportional to 
the piston stroke S* for the range of 1<S*<3. The vortex 
ring length L* increases with increase of Re number but it 
is not the monotonic function of Re number. 

On the other hand, we encountered the following technical 
problems in UVP for the application to vortex ring. We have to 
consider these problems in the next step. 
(a) The dynamic range of the velocity measurement by UVP 

is limited but the core part of the vortex ring had a very 
high-speed flow obeying the free vortex motion. In case of 
high piston speed for V>600mm/s, the core part of the 
vortex ring could not be measured, at which the velocity 
gets faster than 1m/s. 

(b) In the case of slow piston speed or short piston stroke, the 
hydrogen bubble’s buoyancy, which induces no uniform 
convection of water in the measurement volume, cannot 
be ignored relative to the main flow. 

(c) In some cases, the trajectory of the vortex ring is curved 
and departs from the measurable radius R.  
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ABSTRACT 

An idea how to obtain qualitative information about particle dispersion by a flow from the UVP signal without 
further investment in instrumentation is described and illustrated in flow through an axisymmetric sudden 
expansion. 

Keywords:  Turbulent flow, Backward Facing Step, Vortex, Wake, and Separation 

 
 

 
INTRODUCTION 

 
In many fluid mechanical applications one desires to know 

not only the velocity field, but also how a tracer is stirred and 
dispersed by the flow.  In work reported at the last ISUD 
meeting, Cellino described the development and application of 
an ultrasound system to measure the velocity and concentration 
fields simultaneously [1].  However, at the present time it is 
very expensive to implement their techniques.  On the other 
hand if one is satisfied with less detailed knowledge, then the 
owners of a standard commercial ultrasound velocity profiler 
(UVP) can obtain some information about tracer dispersal at no 
additional cost.   

The key to the idea is straightforward.  Recall that in order 
to measure a velocity, particles capable of backscattering the 
incident ultrasound radiation must be present in the 
measurement volume.  The UVP signal processing software 
counts the number of valid velocities measured during the 
profile sampling period.  The number of valid velocities during 
the sampling period is called the success rate and here will be 
denoted by σ  and is suitably normalized so that 0 1σ≤ ≤ .  
Since the UVP carries out the measurement for a number of 
spatial positions in parallel, and as a function of time, we 
obtain  σ(x,t) where x denotes the US beam direction.  Thus 
σ(x,t) is a measure of the presence of tracer as a function of 
space and time along the beam direction.  Clearly if one has 
more US transducers, more information about the space-time 
evolution of the tracers could be obtained.  Also, the velocities 
at the positions where the success rate is large enough could be 
recorded and suitable averages of the particle flux could be 
obtained.   

In this note we describe our idea (arrived at independently a 
few months before the last ISUD) and illustrate it with some 
experiments on the flow in an axisysmmetric sudden 
expansion. 

 
 
 

 
EXPERIMENTAL METHOD 

 
We use the experimental configuration and apparatus 

previously used by Furuichi, Takeda and Kumada [2] who 
investigated the flow transition in an axisymmetric sudden 
expansion using an ultrasound velocity profiler [3].  The flow 
configuration and coordinate system is shown in Figure 1.  The 
flow emerging into the expansion section forms a separation 
bubble, and it is well known that the time averaged 
reattachment length varies as a function of Reynolds number, 
Red =Vbd/ν, where Vb is a bulk velocity estimated from the flow 
rate, d is the pipe diameter upstream of the step and ν is the 
kinematic viscosity.  The transitional scheme is classified as 
laminar flow for Red <1000, transitional regime for 1000< Red 
<4000, and turbulent regime for Red <4000.  Two large 
changes in the flow structure were observed in the transitional 
regime: the first at Red ≈1500 caused by a change in the spatial 
structure of the flow, and the second at Red ≈2000  where a 
change in the upstream flow occurred.   

Air particles were produced by hydrolysis and used as 
scatterers/tracers, just as in the work by Furuichi et al [2].  The 
electrode was in the shape of a semi-circle and was positioned 
near the corner of the step in the lower half of the expansion 
section, as indicated in Figure 1.  The transducer was aligned in 
the cross-stream direction at four different streamwise 
positions:  z/zR=0.67, 1.0, 1.33 and 1.67, where zR is the 
position of the time-averaged reattachment point.   

The experimental protocol was as follows.  First the flow 
rate was set to yield a pre-selected Reynolds number, and the 
US transducer was positioned at one of the pre-determined 
streamwise positions.  Then a short duration current was sent 
through the electrode, thereby causing a pulse of small air 
bubbles to be released into the flow.  A short time after the 
current was turned off the UVP data collection began, and the 
success rate σk(r,t) was collected and stored as a function of 
radial position and time at a fixed streamwise position zk.  Next, 
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the position of the transducer was moved to a new streamwise
position and the experiment repeated.

RESULTS AND DISCUSSION 

Results of these experiments are shown in Figure 2 
(space-time plots of σk(r,t)) and Figure 3 
( ∫= drtrt kk ),()( σσ ).

Figure 2 is a measure of the residence time at different radial
positions as a function of time.  The figures require some care 
to interpret properly and this will be described in the
presentation.

CONCLUDING REMARKS 

In conclusion, the results are to be interpreted qualitatively,
not quantitatively.  The idea is highly suggestive that
interesting information about how the flow disperses tracer 
particles in the flow can be obtained from the UVP signal,
complementing the measured velocity field. 
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Figure 1:  Experimental configuration of the axisymmetry sudden expansion.
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Figure 2:  Space – time color density plots of the success rate σk(r,t) 

— 11 —



 
 
 

Red=764; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=2063; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=3056; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=7639; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=764; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=2063; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=3056; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Red=7639; r=all
0.01

0.1

1

0 10 20 30 40

Tim e(s)

Su
cc

es
s 

ra
te

z/zR = 0.67

z/zR = 1

z/zR = 1.33

z/zR = 1.67

Figure 3:  Plots of the radially integrated success rate, = drtrt ),()( σσ . 
∫ kk

 

— 12 —



EXPERIMENTS IN AN INITIAL REGION OF A CIRCULAR FREE JET

Yoshihiro Inoue*,  Shintaro Yamashita*  and  Kunikazu Kondo**

* Dept. Mathematical & Design Eng., Gifu University, 1-1 Yanagido, Gifu 501-1193, Japan
E-mail: inouey@cc.gifu-u.ac.jp,  yamasita@cc.gifu-u.ac.jp

** Dept. Mechanical Eng., Suzuka College of Tech., Shiroko-cho, Suzuka, Mie 510-0294, Japan
E-mail: kunikazu@mech.suzuka-ct.ac.jp

ABSTRACT
Coherent structures in the near field of an axisymmetric jet have been investigated in a water channel. Instanta-

neous velocity profiles were obtained in the axial and radial directions with the ultrasonic Doppler method.  The UVP
(ultrasonic velocity profile) monitor used in this study is Met-Flow model X3-PS with the ultrasonic transducers of
the basic frequency of 4 MHz.  Also, a multi-line measurement system was utilized.  Two transducers were connected
to the UVP monitor and alternately switched to acquire two profiles with different angles of azimuthal direction at the
same streamwise position quasi-simultaneously.  Dominant time-scale and averaged length-scale of velocity fluctu-
ating fields are examined from DWT, and wavenumber-frequency spectrum is calculated by two-dimensional FFT
along the axial direction.  Coherent structures in the axial and radial directions are investigated in terms of POD.
Axial variation in the amplitude and wavelength of u(x, t) is well represented in the lower-order POD modes in the
axial direction, and also the radial oscillation of the mixing layer is captured by the only first POD mode with about
half a total energy.  Azimuthal mode of radially oscillating mixing layer is estimated from a cross-correlation between
the random coefficients v(2)(θ, t) and v(2)(θ + ∆θ, t).

Keywords :  Round Jet,  Discrete Wavelet Analysis,  POD,  Azimuthal Mode

INTRODUCTION

A study of the jet that is one of a representative flow field of
free shear flow has been done a lot so far, and the engineering
application field is wide.  There are various kinds for a three-
dimensional free jet from a difference of shape of an outlet.  Of
these, a circular jet [1], an elliptical jet [2], a rectangular jet [3]
are well examined as a comparatively simple model.

This study is aimed for elucidation of space-time flow struc-
ture of a three-dimensional free jet by water tank experiment
using an Ultrasonic Velocity Profile Monitor (UVP), putting a
center of interest in the flow field close to the nozzle outlet.
The authors have made experiments on a square and a circular
jet and reported the fluctuating flow field of a square free-jet
[4].  In this report, the flow structure of a circular free jet is
examined.

 A study of a circular jet is started for a long time, and Hinze
describes the prospects of those days in the first edition of his
book [5].  Interest for this flow field does not run out, and, for
example, many experiments such as Wygnanski & Fiedller [1]
are done afterwards.  With experimental environment fixed bet-
ter, experimental studies are still continued with progresses of
experimental methods [6-8], and the understanding of flow struc-
ture is deepened; these studies contribute to high sophistication
of a calculation model.  In particular, the development of space
measuring methods promotes a breakaway from conventional
methods like point measurements, conditional measurements and
so on, and it contributes greatly to understanding of the spatial
structure of various flows.

The advantage of the ultrasonic Doppler method used in this

study is to be able to get an instantaneous velocity profile on a
line of ultrasonic beam in time series; the principle of the UVP
measurements and its performance should be referred to Takeda
[9].  On the other hand, a particle imaging velocimetry has abil-
ity to acquire two- or three-dimensional information in space,
but it is not easy to expand this in the time direction.  Therefore,
the UVP measurements set in an appropriate measuring posi-
tion and direction are very effective to obtain the information of
space-time correlation of the flow field.  In this study, acquired
data are analyzed by Fourier transform, discrete wavelet trans-
form and proper orthogonal decomposition, and, from their re-
sults, the flow structure of the circular jet is clarified.

EXPERIMENTAL PROCEDURE

Apparatus

The outline of flow field and coordinate system are shown in
figure 1. We take x- and y-axes in the jet-axis and radial direc-
tions, respectively.  Test section of the water tank used in this
experiment is an open channel of 0.7 m wide, 0.64 m deep of
water and 3 m long, and jet nozzle is set up at the central por-
tion on the partition of the test section and settling chamber.
The exit diameter of the nozzle is 85 mm, and the contraction
shape is a quadrant of a radius 12 mm added hereafter a straight
line.  In the experiment, Reynolds number Rej based on the ve-
locity Uj in the core of the jet and nozzle exit diameter D was
set to about 0.9 × 104.  Then the initial momentum thickness θ0
of the shear layer at the position of x / D = 0.2 was about 1.0
mm, and Reθ = Uj θ0 / ν ≈ 104 .
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UVP measurement method

In the UVP measurement, ultrasonic transducer comprising
a function of transmission and reception is used and velocity
component in the traveling direction of ultrasonic beam is de-
tected almost instantaneously for 128 points on the beam.  The
basic frequency of ultrasonic wave used in this experiment was
4 MHz, and hydrogen bubbles generated successively from a
platinum wire of diameter of 30 µm was used for scattering
particles.  An incidence direction of the ultrasonic beam, namely,
the measuring line was chosen as each direction of x- and y-
axes as shown in figure 1, and the profiles along the x- and y-
directions for the instantaneous velocity components of axial
direction u and radial direction v were obtained in time series.
In working conditions of this experiment, the time interval of
velocity data was about 38 ms, and the space intervals of adja-
cent measuring point were 2.94 mm in the x-direction, and 2.20
mm in the y-direction.

In addition to the experiment using one transducer mentioned
above, to examine the correlation of flow structure in the cir-
cumferential direction the experiment using two transducers si-
multaneously was also made.  Azimuthal angle of the fixed
measuring line is assumed θ, and phase angle between the mov-
ing and fixed measuring lines is indicated by ∆θ (figure 1, right).
In this case because multiplexer built in the UVP works, and
sequential switching measurement is done, time delay of about
39 ms is occurred between the measuring lines in this measure-
ment.  The measuring position of the axial direction was x / D =
2 and 3.

If a flight direction of ultrasonic beam is assumed ξ, the quan-
tity obtained by this measurement is space-time distribution of
ξ component of the instantaneous velocity, and it is expressed

with Vξ (ξ) + vξ (ξ ,t).  Here Vξ (ξ) shows time-averaged velocity
distribution and vξ (ξ, t) space-time distribution of fluctuating
velocity.  For data set of this space-time distribution, data analy-
ses such as Fourier transform, discrete wavelet transform and
proper orthogonal decomposition are performed as done in the
previous report [4], and flow structure is examined.

RESULTS AND DISCUSSION

Mean flow field

Figure 2 shows the distributions of radial component of mean
velocity V and r.m.s. value of fluctuating velocity vrms within
the flow region in this experiment.  Mean and fluctuating veloc-
ity profiles become anti-symmetric and symmetric, respectively,
because of the axial symmetry of the flow.  At x / D  = 1, a sharp
change of V around y / D = 0.5 is seen.  This region is located
between the jet core and the fluid surrounding jet, and is initial
mixing layer that is comparatively thin.  The mixing layer rap-
idly increases its thickness as goes downstream, and the fluc-
tuation intensity in the layer is augmented.  The fluctuation in-
tensity has a distribution with its minimum at y = 0, and a differ-
ence of this local minimum and the peak value is shortened for
x / D > 4.

Fig. 1.  Coordinate system

Fig. 2  Distributions of mean and fluctuating velocity components.

(a)

(b)

Fig. 3  Axial changes in the spatially and temporarily averaged
energy of velocity fluctuation. Fig. 4  Power spectrum of v-fluctuation at y / D ≈ 0.4.
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_
is seen in v2 behavior in that it suddenly increases toward the
maximum at x / D = 2, and thereafter it turns to decrease.  Aver-_
aged fluctuating energy Ev increases in the range of x / D < 3,
and becomes nearly constant afterwards.  Unlike these, the dis-_
tribution of u2 is monotone increasing in the measuring range.
Figure 4 shows the power spectra of v-fluctuation.  For x / D <
2, a high energy hump around the dimensionless frequency f D
/ Uj = 1 is seen, and this central frequency falls for x / D > 2.  It
seems that this change is caused by the distortion and/or coales-
cence behavior of the vortices formed in the mixing layer, and,
as a result, the maximum of v-fluctuation energy at x / D = 2 is
brought about.

Consequently, to examine the axial change in the fluctuation
energy included in each time scale, an orthogonal wavelet ex-
pansion for u- and v-fluctuations is made about time axis, and
the change in the energy density of each scale is shown in figure
5.  Because a time interval of this measurement is ∆t = 0.038 s,
for example, the time scale of the analysis for j = -4 becomes
0.61 s, and the dimensionless Nyquist frequency is 0.67.  In
figure 5(a) showing the change in v-fluctuation energy, the re-
sult shown in figure 4 becomes clearer, and the manner that a
predominant scale in the axial direction varies can be grasped.
That is, the fluctuation energies of j = -3 and -4 for x / D < 2, of
j = -4 and -5 for x / D = 2 to 3.5 and of j = -4 to -6 for x / D > 3.5
are predominant.  On the other hand, the change of a similar
predominant scale is shown also in figure 5 (b) related to u-
fluctuation energy, but energy contribution rate of scale j = -4 is
small compared with v-fluctuation.

Mixing-layer oscillation in the axial direction

From u(x, t) measured at  y / D = 0.4, nearly central position
in the mixing layer, the characteristic of the oscillation of the
mixing layer in the axial direction is examined.  At first figure 6

Fig. 5  Axial distributions of the wavelet spectrum of v(t) and u(t)
at y / D ≈ 0.4.

(a)

(b)

Fig. 7  Wavenumber-frequency spectrum of u(x, t).

Fig. 6  Wavelet spectrum of u(x, t) in space.
Fig. 8  POD spectrum of u(x, t).

Fig. 9  Distributions of the eigenfunction at the first two POD
modes in the axial direction at y / D ≈ 0.4.

In order to inquire the axial change in the fluctuation energy,_ _
the changes in u2 and v2 at the representative position y / D ≈
0.4 and in space average of the energy of y component of fluc-_
tuating velocity Ev are shown in figure 3.  Characteristic change
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is the DWT spectrum obtained from the orthogonal wavelet ex-
pansion made in the direction of spatial coordinate axis in the
range of x / D = 2 to 5.  From this figure, it can been seen that
the energy contribution from the scale j = -5, which is the di-
mensionless wavelength 2.2, is the highest, and that there exist
waves around the mean wavelength in the mixing layer.

Next, the wavenumber-frequency distribution is sought from
two-dimensional Fourier transformation in spatiotemporal space.
In this case the range of analysis was assumed x / D = 3 to 5.
Figure 7 shows this result in the form of a contour map, where
frequency f and wave number kx are made dimensionless.  The
region where the energy is high extends as a ridge linearly from
the origin, and the phase velocity of the wave is estimated 0.77
Uj for y / D = 0.4 from this slope.

As for this flow field, the time scale varies in the flow direc-
tion as described in the previous section, and it seems that the
spatial scale varies with this.  However, two-dimensional Fou-
rier spectrum mentioned above cannot express non-homogene-
ity in space, and also DWT spectrum cannot.  Therefore the
proper orthogonal decomposition is performed for the same data

set, and at first the spatial mode in which the energy content is
high is detected.  The result analyzed in the range of x / D = 2 to
4 is given in figure 9, and the energy spectrum is shown in fig-
ure 8.  It is understood that, from the distribution of
eigenfunction, the variations of the amplitude and wavelength
in the flow direction are captured.  Even if analyzed after divid-
ing the target range into x / D = 2 to 3 and 3 to 4, any difference
between the distributions of eigenfunction was hardly seen, but
as shown in figure 8 the energy density of lower order mode is
higher when analyzed after dividing, and in particular for x / D
= 3 to 4.

Velocity fluctuation in the radial direction

The change of the time scale of v-fluctuation in the radial
direction is examined using the DWT in representative posi-
tions x / D = 2.03, 2.82 and 3.95.  It can been seen from figure
10 (a) of position x / D = 2.03 that the energy contribution from
the scale j = -4 holds more than 40 % in the mixing layer, and
that from j = -5 is large next.  At x / D = 2.82 (figure 10 (b)) the
contribution from the scale j = -5 is predominant on the whole.
Because the scale j = -5 is the nearest to a column mode with
respect to time scale, it seems that the column mode is domi-
nant on the whole cross section of the jet at x / D = 2.82.  On the
other hand, the scales j = -4 and -5 make contribution of the
same degree in the center of the mixing layer, and the fluctua-

(a)

(b)

(c)

Fig. 10  Radial distributions of the wavelet spectrum of v(y, t) in
time.  (a) x / D = 2.03,  (b) x / D = 2.82  and  (c) x / D = 3.95

Fig. 11  POD spectrum of v(y, t).

Fig. 12  Distributions of the eigenfunction at the first two POD modes.

(a)

(b)
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tion having a short time scale becomes stronger than in the jet
center.  The scale j = -5 is also predominant in x / D = 3.95
(figure 10 (c)), but its energy contribution becomes low, and the
fluctuation of the scale j = -6 becomes relatively high compared
with at the upstream positions.

For the radial distribution, the spatial mode was found by
applying the proper orthogonal decomposition.  Figure 11 gives
the POD spectrum, and figure 12 shows the distributions of the
eigenfunction for n = 1 and 2.  The distributions of eigenfunction
of low order mode in any position become similar, and only the
radial width expands as goes downstream.  From the energy
spectra, extreme prominence of mode n = 1 is realized.  How-
ever, this prominence becomes low in the downstream.  It seems
that the fluctuation of n = 1 corresponds to the inward and out-
ward motions of the mixing layer from the distributions of the
eigenfunction, and superposition of this fluctuation and that of
n = 2 brings about a deviation of the radial position where v-
fluctuation has a maximum value.

The power spectrum obtained from the FFT analysis of ran-
dom coefficient v(n)(t) for n = 1 is shown in figure 13.  From this
spectrum, the time periodicity of the spatial variation of mode n
= 1 can be examined.  There exists a clear hill on the distribu-
tions of spectra for x / D = 2.03 and 2.82, and dimensionless
frequency corresponding to each hill is about 0.8 and 0.5, re-
spectively; these values accord with the peak frequencies seen
in figure 4.  On the other hand, the spectrum of x / D = 3.95
shifts more to the low-frequency side, but any hill with promi-
nent frequency is not seen.  Although the figure was omitted by
limitation of the space, any prominent component in the spectra
for n = 2 does not appear in all positions, and hence there seems
to be little relevance between the generation of spatial fluctua-
tion for n = 2 and the mechanism to produce the fluctuation for
n = 1.

Velocity correlation in the azimuthal direction

The experiment on the flow structure in the circumference
direction was made on the two measuring lines which are aligned
to the radial direction and different in phase angle; the phase
angle ∆θ  was varied from 10° to 90°.  As was also described in
the previous section, the motion in the jet cross section can be
well expressed by the lower-order POD mode of v(y, t), and this
time fluctuation can be contracted to the random coefficient
v(n)(t).  On the confirmation that the eigenvalue and eigenfunction
do not change in the circumferential direction, we understand
that the circumferential change affects only the random coeffi-

cient; we put this as v(n)(θ, t).  Here, a characteristic between the
random coefficients with different phase angles is examined from
cross correlation.

Figures 14 (a) and (b) stand for the circumferential cross-
correlation coefficients of v(1) and v(2) at x / D = 2 and 3 respec-
tively.  Values of correlation coefficient of v(1) decrease with
increase of ∆θ at all positions, and those for x / D = 2 maintain
the value of 0.3 to 0.5 at ∆θ  = 90° whereas for x / D = 3 there is
almost no correlation at the same phase angle.  This means high
axially-symmetric nature of the fluctuation at x / D = 2, and the
decrease in correlation length namely the poorness of axial sym-
metry is exhibited at the downstream position.  In addition, val-
ues of correlation coefficient of v(2) for x / D = 2 suddenly de-
crease to approximately 0 from ∆θ  = 0° to 40°, and correlation
length in the circumferential direction is considerably short.  If
this spatial mode means the oscillation of the center of the mix-
ing layer in the radial direction as mentioned in the above sec-
tion, this flow has structures of scale of 60° to 80° in circumfer-
ential span, and it seems that five or six structures are arranged
in the whole circumference.  This result agrees well with the
result of flow visualization made particularly as well as the ex-
perimental result of Toyoda [10].

CONCLUSIONS

Results of this study are summarized below.
(1) The energy of fluctuating velocity in the mixing layer

began to rapidly increase from x / D ≈ 1, and v-fluctuation grew
up firstly.  The time scale of fluctuation shifted to the lower
frequency side in the process of this growth, and the difference
of u- and v-fluctuations appeared in DWT scale j = -4, which is
the dimensionless Nyquist frequency of 0.67.

(2) Mean wavelength of the fluctuation and phase velocity
were estimated from axial velocity distribution at y / D ≈ 0.4.  In
addition, the change of the wavelength in the flow direction
was well expressed by the distribution of eigenfunction found
with POD.

(3) Nearly 50 % of total energy of the fluctuation were con-
tained only in the first mode of POD for v(y, t), and this time
scale was about 0.8 and 0.5 in dimensionless frequency at x / D
= 2.03 and 2.82, respectively.

(4) It was shown that the axial symmetry became poor in the
axial direction from the measurement of phase of v(y, t) along
the circumferential direction, and the scale of the flow structure
in the circumferential span was estimated as 60° to 80° from the
fluctuating component of the second mode of POD.

Fig. 13  Power spectra of the random coefficient at the first POD
mode.

Fig. 14  Cross-correlation of the random coefficient of v(y, t) in the
azimuthal direction.
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INTRODUCTION 

The magnetic fluids contain solid, magnetic, single domain 
particles coated with a molecular layer of a dispersant in a 
liquid carrier such as water or kerosene. Since the diameter of 
these particles lies in the size range of 5 - 15 nm, and due to the 
thermal agitation, the resulting random walk and random 
rotation, i.e. Brownian motion, the ferromagnetic particles 
remain suspended steadily. To achieve a stable dispersion in 
non-polar or polar solvent, the particles are coated with a single 
or double layers surfactant. 

The importance of such magnetic fluids has been increasing 
in various fields of engineering application. This leads to the 
increased interests in studying flows of the magnetic fluids. 
Conventional methods for flow investigations, such as 
laser-Doppler-techniques (LDA) and Particle Image 
Velocimetry (PIV) are not applicable for investigating the 
magnetic fluid flows. Because, the dark colored liquid prevents 
the laser-light from penetrating the flow fields. In order to 
investigate the flow fields of liquids with optically 
non-transparent media, the Ultrasound Velocity Profile 
method (UVP method) has been developed [1][2]. Recently, 
the velocity information obtained from liquid-metal flows are 
available, i.e. measurements in mercury [3] and measurements 
in sodium [4]. Hence, the method for investigating the flow 
fields in the magnetic fluids has also been available [5] [6]. 

Taylor-Couette flow with small aspect  ratio,  which has the 
effect at the end of annulus, is an interesting physical 
phenomenon, typical to non-linear dynamics. Many 
researchers have carried out the investigations on mode 
bifurcation and flow pattern, applying laser Doppler 
anemometry, flow visualization or other methods. Benjamin 
[7] studied the change in mutation of primary flow at the length 
of comparatively short annulus. Mullin [8] investigated the 

evolution of primary flow and the transition from N-cell mode 
to (N+2)-cell mode by flow visualization. If we use a magnetic 
fluid as a test liquid, it is suggested the possibility of mode 
control by using an external magnetic field. 

Some experimental investigations by mean of torque 
characteristics for cylindrical and spherical Couette flow on 
magnetic fluids had also been studied [9]-[11]. The UVP 
method was applied to the time-dependent Taylor-Couette 
flows obtained between two concentric rotating cylinders to 
measure time-dependent flow dynamics of a magnetic fluid by 
Kikura, et al.[12]. They found that under a non-uniform 
magnetic field, there is an angular dependence of the flow and 
the maximum velocity depends on the intensity of the magnetic 
field and is influenced by the level of the upstream velocity.  

Thus, the aim of the present paper is to measure the internal 
flow of a magnetic fluid on Taylor-Couette flow with small 
aspect ratio using UVP method and to discuss the influence of 
an applied magnetic field on the flow mode bifurcation control. 

SOUND PROPERTY OF MAGNETIC FLUID 

Since the ultrasound properties, especially sound velocity, 
were unknown for the magnetic fluid used in this investigation, 
and its value is essential in the ultrasonic Doppler method, we 
measured the sound velocity [12]. In Fig. 1, the results are 
given for a magnetic fluid. The based test fluid W-40 is a 
water-based magnetic fluid and the weight concentration w% 
of fine magnetite particles is controlled by dilution. From Fig.1 
we found that the velocity of sound in magnetic fluids 
decreases with the increase in weight concentration of 
magnetite particles. In the present study, we used the magnetic 
fluid of 23.35w% having a sound velocity of 1450 m/s. 

Even though the magnetic fluids are composed of solid, 
magnetic, single domain particles coated with molecular layer 

 
UVP MEASUREMENT ON TAYLOR-COUETTE FLOW OF MAGNETIC FLUIDS 

WITH SMALL ASPECT RATIO 
 

 Hiroshige Kikura*, Shingo Kishikawa**, Daisuke Ito*, Masanori Aritomi* and Yasushi Takeda*** 
 

* Research Laboratory for Nuclear Reactors, Tokyo Institute of Technology,  
2-12-1 Ohokayama, Meguro-ku, Tokyo, 152-8550 Japan, e-mail: kikura@nr.titech.ac.jp  

**2 Muroran Institute of Technology, 27-1 Mizumoto-cho, Muroran-shi, Hokkaido 050-8585, Japan, 
*** Hokkaido University, Kita-13, Nishi-8, Kita-ku, Sapporo 060-0808, Japan 

 

ABSTRACT 

In this paper, the application of ultrasonic velocity profile (UVP) method to investigate magnetic-fluids flow is 
described. The objective of the research is to measure the internal flow of a magnetic fluid on Taylor-Couette flow 
with small aspect ratio using the UVP method and to analyze the influence of the applied magnetic field. The flow 
structure of a magnetic fluid in a concentric annular geometry with a small aspect ratio of 3 and a radius ratio of 0.6 
for an inner-cylinder rotation was investigated. Axial velocity distributions were measured using the UVP 
measurement technique. A non-uniform magnetic field was applied to the flow field using a permanent magnet, 
located outside of the cylinders. The results demonstrated that the UVP method was capable to provide the 
information on the structure of Taylor-Couette flow with small aspect ratio in a magnetic fluid. 
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of a dispersant, the diameter of particles in the size range of 5 
to 15 nm is too small to emit strong ultrasound signals. 
Furthermore, the present investigations are based on the 
propagation of ultrasound waves in magnetic fluids possessing 
a large absorption of ultrasound. To acquire such a strong 
ultrasound signal, tracer particles (Micro Sphericalfeather: 
MSF10) were added to the flows. The tracer particles are made 
of a SiO2-shell having a spherical shape, uniform diameter 
particle of 0.9 mm with low effectiveness and specific gravity. 
Although these particles are much smaller than the wavelength 
of the ultrasound, the reflected-power is efficient to produce 
significant signal-to-noise ratio of the detected ultrasound 
wave and the measuring length in the magnetic fluid is 60 mm 
in the present case. The propagation of ultrasound in magnetic 
fluids was investigated by Gogosov et al [13]. They found out 
that the sound velocity in a magnetic fluid was smaller than 
that in the solvent. Additionally, the sound velocity changed 
when a magnetic field was applied. However, in the present 
configuration we had not found any deflectable change in the 
sound velocity due to the present magnetic field. 

EXPERIMENTAL SET-UP 

The schematic of experimental apparatus is shown in Fig. 2. 
The apparatus consists of two concentric cylinders, which are 
made of Plexiglas. The length of the cylinders are 48mm, the 
outer radius of the inner cylinder is Ri = 24mm and the inner 
radius of the outer cylinder is Ro = 40mm. They are positioned 
vertically adjacent and the gap between the two cylinders is 

filled with a magnetic fluid. The UVP transducer (8K3I, INS 
570, Japan Probe Co.)is installed from the bottom of container 
to measure the axial velocity distributions. In a system with 
fixed outer cylinder, the fluid in the annular gap moves in a 
plane perpendicular to the cylinder axis for small Reynolds 
number (Re=ΩRi(Ro-Ri)/ν). Here, Ω is rotation rate of inner 
cylinder, and ν is kinematic viscosity of a magnetic fluid. The 
UVP monitor used in this work is the X-3 PSi  model 
(MetFlow SA) with basic ultrasound frequency of 8MHz.. 

 The non-uniform magnetic field was applied 
perpendicularly to the cylinder axis using a 
40-mm×40-mm×45-mm permanent magnet, positioned 
outside the cylinders. Typical magnetic field distribution (B0 = 
62mT) around the cylinder is shown in Fig. 3a and the 
locations of ultrasonic transducer for measurements are shown 
in Fig. 3b. Here B0 is mean magnetic field intensity on the 
surface of the magnet. The Hall-effect Gauss meter measured 
the vertical and horizontal magnetic inductions; hence the 
vector field of the magnetic field was obtained. We applied the 
magnetic fields with following two ways, one is that the 
magnet applied when the rotation of the cylinder Ω =0, and 
after the start of rotation the magnet was released from the 
cylinders (case-1). The other way is that after the rotation of 
the cylinder, the magnet was placed at the outer cylinder. 
Subsequently, the magnet was released from the cylinders 
(case-2). 
 
RESULTS AND DISCUSSION 
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Fig. 1  Sound velocity of a water-based  magnetic fluid 
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Fig. 2 Experimental apparatus 
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The velocity profile was obtained by setting up the 
ultrasound transducer on the outer wall of the end plate at the 
inner wall position, as illustrated in Fig. 3b. At very low 
Reynolds numbers in a rotating Taylor-Couette system, the 
flow is a two-dimensional circular Couette flow having the 
velocity profile V=(0,Vθ(r),0). At critical Reynolds number, 
Couette flow becomes unstable to Taylor-vortex flow (TVF), 
which has three dimensional, axisymmetric counter-rotating 
toroidal vortices. Taylor vortex flow occurs with small aspect 
ratio on various flow patterns. Fig. 4 shows the mean velocity 
distributions in different flow mode at same Reynolds number 
(Re = 350) without magnetic field. In Taylor-Couette flow 
with small aspect ratio, the flow is classified as primary mode 
and secondary modes. The primary mode flow (N-2Cell) is 
formed smoothly from Couette flow by a gradual increase in 
Re. The secondary mode (N-4Cell) occurs when the Re was 

abruptly increased until reaching a certain value. The number 
of vortices in the secondary mode is different from one in the 
primary mode. The primary mode and secondary mode are 
distinguished into normal mode and anomalous mode. On each 
end wall, the flow in the normal mode has a normal cell which 
gives an inward flow in the region adjacent to the end wall. The 
flows of the anomalous modes (A-3Cell and A-4 Cell) have 
anomalous cells, which give an outward flow near the end wall. 
Using UVP method we can obtain the instantaneous velocity 
profiles and understand the each mode from instantaneous and 
mean velocity profiles.  

Mode bifurcation occurred depending upon the increase of 
Reynolds number. Fig 5 shows mode bifurcation of the 
anomalous 4-cell mode (A-4 Cell) for the measured velocity 
profiles. In each display, the ordinate represents position (64 
data points for 0.74mm in width) and the abscissa is time (256 
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(a) N-2Cell Mode                    (b) N-4Cell Mode 
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              (c) A-3Cell Mode                                      (d) A-4 Cell Mode 

Fig. 4 Axial mean velocity profiles (Re=350, B0=0) 
 

         
(a) A-4 Cell  (Re=420)                              (B) A-4 to A3 Cell (Re=580)   

 

                      
(c) A3 Cell (Re=1080)                            (d)  A3 to N2 Cell (Re=1250) 

Fig. 5 Mode bifurcation from A-4Cell mode to N-2 Cell mode (B0=0) 
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points for 29s). The velocity values are color-coded: yellow 
and red being positive; green and blue, negative. The 
full-scales are of ±20mm/s, ±30mm/s, ±40mm/s and ±50mm/s, 
respectively. 

Fig. 6 shows the measured velocity profiles for mode 
control using a magnetic field. In case-1, the magnetic field 
was applied from rotating start and the final flow mode was 
anomalous 3-cell mode. In the case 2, the magnetic field was 
applied during normal 4-cell mode; the final flow mode was 
also anomalous 3-cell mode. From each one of them, reliable 
control to 3-cell mode was obtained. The study clarified that 
the UVP method was capable to provide the information on the 
structure of Taylor vortex flow with small aspect ratio, in a 
magnetic fluid. 

CONCLUDING REMARKS 

The flow structure of the Taylor-Couette flow with small 
aspect ratio of a magnetic fluid has been investigated using the 
ultrasonic velocity profile (UVP) method. For checking the 
ultrasound properties of the magnetic fluid, the dependence of 
sound velocity on the weight concentration was studied. The 
velocity of sound in magnetic fluids decreases with increase in 
weight concentration of magnetite particles. However, in the 
present configuration we found no deflectable change in the 
sound velocity due to the magnetic field. From the 
experimental results on the Taylor-Couette flow with  aspect 
ratio of 3 in a magnetic fluid under the no external field, 4 type 
of flow modes(N-2cell, N-4Cell, A-3Cell and A-4Cell mode) 
have been understood from  instantaneous and mean velocity 
profiles. Mode bifurcation occurred depending upon the 
increase of Reynolds number. Influence of an applied magnetic 
field on the flow has been carried out and we found that the 
possibility of mode bifurcation control using magnetic field. 
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Fig. 6 Measured velocity profiles (Re=600, B0=62mT) 
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As nuclear power plants are highly aging, readings of flowmeters for reactor feedwater systems drift due
to the changes of flow profiles. The causes of those deviations are caused by the change of wall roughness 
of inner surface of pipings. To cope with those concerns, time-of-flight ultrasonic flowmeters are being 
introduced to nuclear power plants in the United States. However, flow profile factors (PFs), which adjust
measurand to real flow rates, also strongly depend on flow profiles. To determine profile factors for actual
power plants, manufactures of flowmeters usually conduct factory calibration tests under ambient flow
conditions. Indeed, flow measurements with high accuracy for reactor feedwater require them to conduct
calibration tests under real conditions, such as liquid conditions and piping layouts. These make it 
inevitable in quite a few measuring errors for large, hi-Reynolds number pipings in power plants.
Therefore, the measurement accuracy of flow rate by conventional time-of-flight ultrasonic flowmeters is 
questionable. This paper discussed the effects of surface roughness and asymmetric pipe flow on accuracy 
of Profile Factors. 

 
Key Words: pipeflow profile; ultrasonic; Pulse-Doppler 

 
1. Introduction 
Figure 1 shows the changes in PFs due to the changes of pipe roughness. These calculations are done 
using the numerical simulation code (Star-CD) and logarithmic law under the same hydraulic conditions 
as 480MW class reactor feedwater system. Two kinds of flowmeters are selected for the calculations of 
PFs, cross flow type and transit time. As the equivalent sand-grain surface roughness gets rougher, PFs 
deviate with a few percentage points against the PFs of smooth pipings in both systems. Up to around 6 % 
deviation is observed in case of cross flow measurement system that measures the center line velocity of 
pipings. In case of transit time flowmeter, the PF deviates up to 3% against the smooth pipings. Therefore, 
if nuclear power plants get aging, we are supposed to experience those PF deviations in both systems. 
These deviations directly affect to the accuracy of flowmeters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.1 Percentage Changes in Profile Factors vs. Surface roughness 
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This paper discussed the effects of surface roughness and asymmetric pipe flow on accuracy of Profile 
Factors. 
 
2. Experimental procedure 
Experiments are conducted with water flow system under ambient temperature in 151 mm diameter 
stainless steel pipes at three different Reynolds numbers, 1.5*105, 2.8*105 and 4.4*105, by changing a 
circulation pump speeds. Inner surfaces of those pipes are sanded by alumina powders or machined to 
obtain three different surface roughness; 5.3*10-6m, 11.9*10-6m and 22.7 *10-6m. Surface roughness is 
represented by root mean square value, Rq, of a surface roughness curves. The configuration of the test 
section is shown in Figure 2. Velocity profiles are measured with the Ultrasonic Doppler Flow Meter 
(UdFlow) at the horizontal diameter positions of 12D and 30D from tube-type flow conditioner placed 
after the pipe elbow. As ultrasonic reflectors, miniaturized bubbles are injected through the bubble 
injector ring with the volumetric void flow rate of 0.003%. 
 
 

 

 

 

 

 

 
Fig.2 Sketch of the test section 

 
3. Results  
3-1Flow pattern 
Figure 3 shows the comparison of flow patterns of pipe cross section at different positions. Spatial 
resolutions of velocities along the radius directions are around 0.75mm. Velocities are normalized by the 
maximum velocity to compare the shape of velocity profile. Almost fully developed flow patterns are 
established at the horizontal diameter position of 30D. However, at the position of 12D, effect of elbows 
still produces asymmetric flow patterns which result in large errors in measurements in time-of-flight 
ultrasonic flow meters. In actual power plans, time-of-flight ultrasonic flow metes are usually installed at 
the horizontal diameter position of around 10-12D with the limitation of piping configurations, we should 
take these flow asymmetricity into account for determining PFs.  
 
 
 
 
 
 
 
 
 

 
Fig.3 Flow profiles along horizontal diameter positions for Rq=5.3*10-6m 

 
Figure 4 shows the comparison of flow patterns at different Reynolds numbers. The shape of asymmetric 
flow patterns are strongly depending on Reynolds numbers. It may also depend on the flow conditioner 
configurations. In this experiment, the flow patterns change all of sudden when Reynolds number exceeds 
1.5*105. This result shows that we cannot extrapolate Reynolds number to determine the PFs in a real 
plant due to the sudden change of flow patterns. If very high accuracy, such as within 1%, is required, 
factory tests to determine the PFs of time-of-flight type ultrasonic flowmeters have to be conducted under 
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the same thermal hydraulic conditions, pipe roughness, pipe confabulations and flow conditioners as 
feedwater system of actual nuclear power plants. 
 
 
 
 
 
 
 
 
 
 
 

Fig.4 Flow profiles of different Reynolds number for Rq=5.3*10-6m at horizontal diameter position 12D 
 
 
3-2 Surface Roughness  
Figure 5 and 6 show the comparison of flow patterns at three different pipe roughnesses. We can know 
that pipe roughness strongly affects to the flow patterns both at 12D and 30D. In both cases, the flow 
velocities near the pipe walls gets steeper as the increase of surface roughness which results in the 
increase of friction factors between fluid and pipe wall. We can hardly know how the surface roughness 
of a feed water piping changes during plant life time. Therefore, Even if factory tests are conducted with 
the piping roughness simulating the actual power plants before being installed to the actual plants, the 
changes of PFs as same as the flow nozzle of reactor feed water system will be observed as plants get 
aging. 
 
 
 
 
 
 
 
 
 
 

 
Fig.5 Flow profiles of different surface roughness at horizontal diameter position 12D 

and Re number is 4.4*105 

 

 

 
 
 
 
 
 
 
 
 
 

Fig.6 Flow profiles for different surface roughness at horizontal diameter position 30D 
and Re number is 4.4*105 
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3-3 Effects on Profile Factors 
Figure 7 and 8 show the deviations of PFs due to the changes of Reynolds numbers and pipe roughnesses. 
A PF is defined as a ratio of the area-averaged velocity obtained by an orifice flowmeter to the 
line-averaged velocity calculated from velocity profile measured by UdFlow. The deviation of PF is 
calculated with the most smooth case of Rq is 5.3*10-6m and Re=1.5*105 as a reference PF value. As a 
result, changes of pipe roughnesses result in the changes of PFs by 6.5% at the maximum at the horizontal 
diameter poison 12D. Furthermore, the changes Reynolds numbers result in the changes of PFs by 2.5% 
at the maximum at the same surface roughness. Therefore, we should take into account those effects in 
order to measure the flow rates of feedwater with the accuracy better than 6.5% at the position of 12D in 
actual power plants. 
 

 

 

 

 

 

 

 

 

 
 

Fig.7 Percentage changes in profile factors for Rq and Re number at horizontal diameter position 12D 
 
 
 
 
 
 
 
 
 
 

 
Fig.8 Percentage changes in profile factors for Rq and Re number at horizontal diameter 

position 30D 
 
4. Conclusions 
With an ultrasonic Doppler flow meter, we can quantify the changes of flow profiles and PFs due to pipe 
elbow, pipe roughness and Reynolds numbers. According to the results of this experiment, deviation of 
PFs could be around 6-7% at maximum, which directly affects to the estimation of flow rates. 
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ABSTRACT 

 Electric power plants with thousands of flowmeters measure the flow rates in their major 
processes. The circulating water (CW) pump system, which locates in the intake structure 
providing a continuous supply of turbine-condenser cooling water, does rarely have 
flowmeters due to its pipe size exceeding almost one meter, where profile factors can hardly 
be determined for these large pipes and high flow rate because of the difficulty of factory tests. 
Conventional flowmeters such as time-of-flight (TOF) ultrasonic flowmeters are sometimes 
used but cannot achieve the high accuracy of flow rate measurements for large pipes.  

 Instead of installing any flowmeters, plant operators usually estimate the flow rates to 
evaluate the cooling performance of the condenser with the Q-H design curve of the pump. 
However, this Q-H curve often drifts due to the deterioration of pump itself.  

 In order to achieve the high accurate flow measurement, the measurement of a flow 
profile should be required to eliminate a profile factor. We have conducted fields test using an 
ultrasonic pulse-Doppler flowmetering system to measure the flow profile of CW cooling 
pump flow for the case of a pipe diameter of 1.7m, where the flow rate was around 270 
m3/min. Instantaneous flow profile is widely fluctuating by almost double of the average 
velocity due to the turbulence of pipe flow and pulsation of CW discharge. Next step of the 
application of the ultrasonic pulse-Doppler system is to measure the flow rate of nuclear feed 
water system, with a temperature of 220 degrees C and the pressure of 7.5MPa. 

1. INTRODUCTION 

Integration of instantaneously-determined flow velocity-profiles, obtained from 
performing continuous line-measurement over piping is considered to provide an accurate 
flow rate measurement system as an advanced flowmeter, superior to the conventional 
flowmeter using a profile factor. The conventional one based on the TOF method depends 
largely on the accuracy of a profile factor as it finally determines the flow rate of a fluid by 
multiplying it. This is also true of a one-point ultrasonic-Doppler flowmeter. Accordingly, 
these conventional methods are limited in the scope of application as they are effective only 
in measuring flows with steady-state developed flow. In other words, the methods have to use 
an approximation that is applicable only in a narrow flow range. (Takeda Y., 1987, 1995).  

Meanwhile, the feedwater and CW cooling systems of a power plant are generally 
exposed to high temperature and/or pressure condition(s) with large pipes. Therefore, 
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determining a profile factor 
under the same flow conditions 
and the configurations like 
large pipe diameters and curve 
bends is impracticable and 
results in certain errors in 
measurement. In fact, it is 
impossible at the present stage 
to determine a profile factor by 
a high-precision calibration 
loop using a weighing method 
under such high temperature 
and pressure conditions as in 
the feedwater or large-bore 
piping as in the CW cooling 
system for a nuclear or a fossil-

fired power plants. Consequently, the profile factor has to be determined with a Reynolds 
number approximately one digit smaller than that of the actual plant. In the case of the CW 
system with a piping bore of ~3 meters for instance, a profile factor determined with the 
piping bore set at a fraction of the actual size is applied to the system because of constraints 
from the calibration facilities. The conventional ultrasonic flowmeters as described above 
round off all indeterminate errors by a profile factor as shown in Figure 1. To get rid of these 
errors, efforts are needed to eliminate the profile factor by determining flow rates based on the 
calculation of true flow profile in the piping. This concept is described in Figure 1. (Takeda 
Y., 1998, Mori M., et al., 1999, 2002)  

2. APPLICATIONS FOR INDUSTRIAL POWER PLANT  
In electric power plants, thousands of flowmeters are installed to measure the flow rates 

in major processes. Example of Applications of flowmetering systems for Boiling Water 
Reactor (BWR) is shown in Figure 2, in which, except for the main-steam flow rate, Wms, to 
a turbine system, the feedwater flow rate, Wfw, condenser flow rate, Wc, CW cooling pump 
flow rate, Wwc, are water flows. The feedwater flow rate is significant since it affects the 
regulated thermal output power. The temperature of feedwater is ~220 degrees-C and the 
pressure is ~7.5MPa, where Reynolds Number is more than 20,000,000. These conditions 
hardly realize in the weighing method for calibration to determine PFs. The CW cooling flow 
rate is necessary to evaluate the plant efficiency; however, flowmeters are rarely found in the 
CW line because of its difficulty to measure the flow rates and pipe sizes beyond one meters.  
  

 

 

 

 

 

 

 

 

Figure 1. Conceptual  Comparison  between Conventional
 Flowmeter and Ultrasonic-Doppler Flow Velocity-  
 Profile Flowmeter. 
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Figure 2.  Example of Applications of flowmetering system for Boiling Water Reactor. 
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Figure 3 shows effects of constant 
thermal power operation on gained 
electricity compared with constant 
electrical power operation. Under 
the constant electrical power 
operation, the rated electric power 
output is regulated as constant; on 
the contrary, the electric output 
power depends on the effective-
ness of the CW cooling system by 
seawater temperatures in the case 
of the constant thermal power 
operation.  In the latter case, any 
gain in thermal power provides 
certain gain of electricity. 
However, the thermal power 
output of a nuclear power plant is 
strictly regulated, which surely 

requires an accurate measurement of feedwater flow rates. Aged flow nozzles are considered 
to indicate higher values than real ones due to its deterioration and erosion.  As shown in the 
following equation, the reactor thermal power output, Q, is significantly affected by the flow 
rate of feedwater, Wfw, the fact of which shows that it is absolutely necessary for the accurate 
measurement of feedwater to increase the plant availability. 

 

 

 

 

 

 

 

 

 

3. CALIBRATION TESTS 

Measuring tests were conducted at the National Institute of Standard Technology (NIST), 
a unit under the U.S. Department of Commerce. The flow rate of water per unit length of time 
can be determined by accumulating in the tank the fluid flowing down the test section in a 
given period of time and dividing the volume of the fluid thus accumulated by the time 
elapsed. The nominal measurement error is 0.12%. In this test, the flow of water was 
measured at the part where it reached the stage of full development. The proposed ultrasonic-
Doppler flow velocity-profile flowmeter was found to meet the approved values of the 
standard loop with an error well within 1%, proving to have sufficient accuracy. Table 1 
compares the approved values of the NIST standard loop and corresponding data on the 
ultrasonic-Doppler flow velocity-profile flowmeter at Re = 400,000.  The values of the NIST 
loop are based on the average of weighing time while those of the ultrasonic-Doppler flow 
velocity-profile flowmeter are based on the time average of instantaneous values.  As 

WS x hs =  (Q - Qloss) + Wfw x hfw + Wcr x hcr - Wcu x (hcui - hcuo) + Wrec x ∆hpump 
Q = Reactor Thermal Power 
WS = Flow Rate of Main Steam 
Wfw = Flow Rate of Feedwater 
Wcr = Flow Rate of Control Rod Drive System 
Wcu = Flow Rate of Reactor Water Clean-up System 
Wrec = Flow Rate of Recirculation System 
hs = Enthalpy of Steam 
hfw = Enthalpy of Feedwater 
hcr = Enthalpy of Control Rod Drive System 
hcui = Enthalpy of Reactor Water Clean-up System Inlet 
hcuo = Enthalpy of Reactor Water Clean-up System Outlet 
hpump = Recirculation Pump Heating 
Qloss = Heat Loss 

Figure 3. Effects of constant thermal power operation  on 
gained electricity compared with constant 
electrical power operation. 
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indicated in the table, the measuring test found a deviation of only 0.03% between the two 
devices in terms of the average of the values recorded by five rounds of measurement. From 
the results of measurement conducted with Re number varied, it was found that the overall 
average deviation between the two devices was no more than 0.2%. (Takeda, 2000; Mori, 
2002) 

 

Further calibration tests were conducted on the ultrasonic-Doppler flow velocity-profile 
flowmeter by a liquid flowmeter calibration facility, a verification loop, at the National 
Metrology Institute of Japan (NMIJ), suborgan of the National Institute of Advanced 
Industrial Science and Technology (AIST), an independent governmental corporation, and 
Nederlands Meetinstituut (NMI). In NMI, the calibration tests were carried out for water and 
kerosene. The calibration facility (made to the national standard) has the standard uncertainty 
set at 0.02% of the reference flow rate. The calibration tests on the ultrasonic-Doppler flow 
velocity-profile flowmeter were carried out with a measuring instrument attached to the 400A 
piping section of the facility. The results of the test at NMIJ and NMI are summarized in 
Table 2, and Table 3, respectively. The test findings indicate the uncertainty of the flowmeter 
examined in terms of the average of the results recorded in 10 rounds of measurement, 
compared with the reference flow rate set as a target. Based on the measuring test, the 
ultrasonic-Doppler flow velocity-profile flowmeter was given a calibration certificate 
showing an uncertainty range of 0.1% to ~0.5% for water. 

 

 

 

 

 

 

 

 

 

 

 

 

NMi - Nederlands Meetinstituut

Reference
Flow-rate

[l/min]

Reference
Velocity

[m/s]

Indicated
Flow-rate

[l/min]

Indicated
Velocity

[m/s]

Deviation
[%]

1276.7 1.2041 1273.1 1.2007 -0.28

1276.6 1.2040 1280.7 1.2079 +0.32

1276.8 1.2042 1271.7 1.1994 -0.40

953.76 0.8995 959.4 0.9048 +0.59

953.41 0.8992 952.8 0.8986 -0.07

953.74 0.8995 949.1 0.8951 -0.49

632.02 0.5961 633.9 0.5979 +0.30

631.82 0.5959 628.5 0.5928 -0.52

632.04 0.5961 630.1 0.5943 -0.30

Reference
Flow-rate

[l/min]

Reference
Velocity

[m/s]

Indicated
Flow-rate

[l/min]

Indicated
Velocity

[m/s]

Deviation
[%]

1276.6 1.2040 1279.5 1.2067 +0.22

1276.4 1.2038 1281.3 1.2084 +0.38

1276.5 1.2039 1281.5 1.2086 +0.39

956.19 0.9018 949.3 0.8953 -0.72

956.54 0.9022 959.1 0.9046 +0.27

955.92 0.9016 955.4 0.9011 -0.06

639.51 0.6032 641.1 0.6046 +0.23

639.49 0.6031 643.6 0.6070 +0.65

639.30 0.6029 643.90 0.6073 +0.73

NIST - U.S. National Institute of Standards
 & Technology 

L/s %
#1 69.760 69.600 -0.161 -0.23%

#2 69.670 69.613 -0.057 -0.08%

#3 69.725 69.612 -0.113 -0.16%

#4 69.444 69.622 0.178 0.26%

#5 69.569 69.609 0.040 0.06%

Average 69.634 69.611 -0.022 -0.03%

Deviation
NISTUdFlowRun No.

Ratio
Qfn/Q1

Expanded
Uncertaintly

(k = 2)
2000.5 2008.9 1.004 0.4%

1512.7 1508.2 0.997 0.1%

986.1 984.6 0.999 0.3%

Ratio of Flowrate and
UncertaintyReference

Flowrate
Q1 (m

3/h)

Output of
Flowmeter
under Test
Qfn (m

3/h)

NMi-J - Japan National Institute of Advanced
 Industrial Science and Technology 

Table 1. Comparison of the approved values 
of the NIST standard loop.

Table 2. Comparison of the approved values 
of the NMIJ standard loop. 

Table 3. Comparison of the approved values of the NMI standard loop for 
 water (left) and kerosene (right).
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4. FIELD APPLICATION EXPERIMENTS  

The field tests were carried out to extend the applicability of the ultrasonic-Doppler flow 
velocity-profile flowmeter. Table 4 shows the field application experiences of Ultrasonic-
Doppler flow velocity-profile flowmeter. The flow rates of the condenser circulation water 
(CW) were successfully measured for the pipe sizes of 1.5m and 1.7m, where the sufficient 
ultrasonic reflectors existed in the flow of the pipes to measure the velocity profiles because 
of low system pressure. The following all cases in Table 4 were measured with a clamp-on 
type ultrasonic-Doppler flow velocity-profile flowmeter.  

Figure 4 shows the measurement result of fields test using an ultrasonic pulse-Doppler 
flowmetering system for CW cooling flow for the case of a pipe diameter of 1.7m. The time-
averaged flow velocity-profile of large pipe with D=1.7m well predicted the parabolic flow 
profile. Integrating the flow velocity-profile by half over the pipe section provides the flow 
rate. Figure 5 shows the instantaneous flow profile widely fluctuating by almost double of the 
average velocity due to the turbulence of pipe flow and pulsation of CW discharge. The 
parabolic flow profile shown in Figure 4 comes from averaging the instantaneous flow 
profiles widely fluctuating by almost double of the average velocity. These information could 
be blind for conventional TOF ultrasonic flowmeters.   
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System Pipe Size
(m)

Wall 
Thickness

(mm)

Wall 
Material

Fluid
Type

Flow Rate
(m3/min)

Results

Feedwater
Pump Bearing
Seal Water

0.1 6 Carbon
Steel

Condensate
Water 0.5 Succeeded

Turbine
EHC 0.05 4 Stainless

Steel
Mineral
Oil 0.01 Succeeded

Plant
Discharge
Water

0.1 6 Carbon
Steel Water 0.5 Succeeded

Condenser
Circulation
Water

1.5 14 Carbon
Steel Seawater 450 Succeeded

Condenser
Circulation
Water

1.7 14 Carbon
Steel Seawater 520 - Succeeded

- Bubbles Injected

Hydro
Turbine 3.8 12 Carbon

Steel Water 2400 - On-going
- Insufficient Tracer Particles

Reactor Feedwater 
Pump Discharge 0.36 28 Carbon

Steel
Condensate
Water 800 - On-going

- Insufficient Tracer Particles

Table 4. Field application experiences of Ultrasonic-Doppler flow velocity-profile flowmeter.
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5. REMARKABLE SUMMARY  

The ultrasonic-Doppler flow velocity-profile flowmeter proposed is a new device which, 
unlike the conventional flowmeters, theoretically dispenses with a profile factor (i.e., 
adjusting factor) and is capable of accurately measuring true values at the work site of a plant 
without using some arbitrary adjusting factors. Field applications using the ultrasonic-Doppler 
flow velocity-profile flowmeter were tested in the various flow and pipe conditions. It is 
expected that the ultrasonic-Doppler flow velocity-profile flowmeter, with these advantages, 
will be applied to on-site measurement of true flow rates in large-bore pipes or the calibration 
of existing flowmeters and pumps installed in pipelines, thereby contributing to the 
improvement of plants and equipment in efficiency and to the reduction of their maintenance 
costs. 
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INTRODUCTION 

Many instruments, working on a variety of principles, have 
been developed to measure velocity profiles in an open channel. 
The information of liquid velocity distribution over the cross 
section is necessary for the flow physic study. For the 
measurement in an open channel, many attempts [1] have been 
conducted such as hot film anemometry  [2] and Laser Doppler 
anemometry [3].  However, those devices provided only the 
local information in a single point. The multi-dimensional 
properties such as velocity profile and time-dependent flow 
rate is still difficult to measure simultaneously. This limitation 
becomes worse in the case of the measurement in the 
application with time dependent cross-sectional area change, 
i.e. the measurement in the river with sand bottom and with 
sludge accumulation.  

Recently Ultrasonic Velocity Profiler (UVP) has been 
developed and applied to measure local instantaneous flow 
properties along the measuring line [4][5]. Thus, it is able to 
improve the flow metering performance and to be applied for a 
transient flow rate measurement. In this measuring system, 
flow rate was calculated using the velocity profiles that were 
obtained by UVP. Wada et al. [6] applied three transducers to 
evaluate the more accurate time-dependent liquid flow rate in 
developing regime in vertical circular pipe. The results show 
that the errors were less than 1%. Tezuka et al. [7] investigated 
the effect of the inner surface roughness of a pipe on the 
velocity profiles and flow rate measurement. They showed that 
the error was up to 8%. However, the assumption of velocity 
profiles was required to measure the time-dependent flow rate.  

According to the available literatures, the multi-line 
measurement has been conducted mostly in the pipe flow 
where the cross-section area is constant. From this point of 
view, the objective of this paper is to develop the multi-line 
flow rate measurement using Ultrasonic Doppler in an open 
channel where the cross-section area is varied in time domain.   

EXPERIMENTAL APPARATUS 

The experimental apparatus are illustrated in Fig.1.The 
experiment was carried out in the open channel. The open 
channel was made of acrylic resin, with length 3200mm, height 
200mm, and width 100mm. The flow rate in open channel was 
adjusted by the flow rate in bypass using valve. The water level 
was adjusted by the supplied flow rate into open channel and 
the height of dam at the downstream end of the channel. The 
height of dam was 50mm in this experiment. Due to the area 
expansion at the entrance, the water level fluctuation would be 
induced. In this case, the surface flow was kept stable by the 
rectifier at the entrance of the open channel. The flow rate in 
open channel was monitored by electromagnetic flow meter 
(MGK1010K, Tokyo Keiso). 
 
 

 
Fig.1 Experimental apparatus 
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ABSTRACT 
This paper presents the velocity profiles and the accurate flow rate measurements on open channel flow using 

Ultrasonic Doppler method. In this study, the accurate flow rate was calculated by integrating the velocity 
distributions over the cross section. The flow rate measurements were carried out on three different conditions. The 
flow rate measured by this method was compared with the flow rate measured by Electromagnetic flow meter and 
the results show the errors were less than 6%.  

Keywords:  ultrasonic Doppler velocity profiler, open channel, velocity profile, multiline measurement, 
 flow rate  
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VELOCITY MEASURMENT 

The measuring system consists of the ultrasound velocity 
profile monitor (UVP model X3-Psi, Met Flow). The working 
frequency of the ultrasonic transducer is 8 MHz. The 
transducer was set up at the free surface with an angle of 70 °
with respect to the mean flow parallel to the open channel axis. 
The nylon micro tracer particles (WS-200P, Daicel Hüls) are 
utilized to trace the liquid velocity. Their average diameter was 
80 μ m. Experiments were carried out at atmospheric 
temperature, water temperature was kept at 22 ℃ using the sub 
cooler. In order to indicate flow condition, liquid velocities 
along the centre-plane at the position of 100mm, 200mm, 
400mm, 800mm, 1600mm, and 2400mm were measured. 
Furthermore, liquid velocity distribution over the entire 
cross-section was also measured at the position of 2400mm 
downstream from the entrance with 31 measuring points in the 
span wise direction. 

In order to clarify the effect of transducer position, the 
comparison of the velocity profiles obtained from upper and 
lower position of the channel was performed. The measuring 
configuration was shown in Fig.2. Transducer for lower 
position was placed in small acrylic resin box below the 
channel. The space of the box was filled with the water and 
covered with acrylic resin wall with 2 mm thickness. For the 
upper position, transducer was placed at the free surface with 
an angle of 70 °with respect to the mean flow direction. The 
accuracy measurement of Ultrasonic Doppler method using 
both upper and lower transducer position was also verified by 
comparing with the standard device, Electromagnetic Current 
Meter (VP1000RT and VPT-400-09PS, KENEK). The 
comparison was performed at the distance of 2100 mm from 
the entrance on the centre plane of the channel. 

 

Fig.2 Test section 
 

FLOW RATE MEASUREMENT 

It is known that the variation of transducer position and 
angle affects directly to the measurement of velocity 
distribution and water level. In this case, liquid velocity 
distribution and water level shall be reported by changing the 
transducer position in traverse direction with the constant 
measuring angle. 

 

 
 
By using the obtained liquid velocity distribution, the liquid 

flow rate can be calculated by integrating the local velocity 
distributions bover the entire cross section using the upper 
transducer. The velocity at the wall was treated as no-slip 
condition. The flow rate was calculated by Eq. (1). [8] 
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                      (1)     

m: Number of  measurement points on cross section,  
n:  Number of  measurement cubic in axial direction,  
Δ l: Spatial resolution in span wise direction,   
Δz: Spatial resolution in vertical direction,  
v: Local time-averaged liquid velocity 

 
The measurements were carried out on steady (normal 

condition) and unsteady condition (condition A and B). The 
unsteady flow was generated, in this case, by applying the solid 
obstacle to disturb the flow. The utilized obstacle that was 
made of acrylic resin has the dimension of 30x50x200 mm3. 
The obstacle configuration for condition A and B is illustrated 
in Fig. 3.    

 
 

 

Fig.3 Experimental condition A and B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Fig.4 Liquid velocity distribution between upper and 
lower position of transducer comparing with 
Electromagnetic current meter 
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Fig.5 Standard deviation of profiles 
 

                                                               Fig.6 Velocity distributions on the centre-plane 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     (A) Crossing width                                                                  (B) Water level 

Fig.7 Velocity distributions on normal condition 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                     (A) Crossing width                                                                  (B) Water level 

Fig.8 Velocity distributions on condition A 
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                                     (A) Crossing width                                                                  (B) Water level 

Fig.9 Velocity distributions on condition B 

RESULTS AND DISCUSSION 

The results of mean velocity distributions obtained by UVP 
and Electromagnetic current meter were shown in Fig.4. The 
good agreement was found for lower transducer position, 
while the slightly deviation was observed for the upper 
transducer position. The larger deviation for the upper 
transducer comparing with the lower one can be explained by 
the water level fluctuation of the free surface near the 
ultrasonic transducer. 

Fig.5 shows the standard deviation of velocity profiles on 
the centre-plane. It can be seen that the scattered velocity was 
enhanced particularly near the entrance, water surface and 
bottom regime. Fig.6 shows the velocity distributions on the 
centre-plane. It can be seen that the velocity distributions near 
the entrance has no exactly flow pattern. Furthermore, the 
fully-developed velocity distribution is observed at the 
position of 1600mm downstream from the entrance quite far 
from the inlet. 

The flow rate measurement was performed at the distance of 
2400mm from the entrance to avoid the unsteady condition 
near the entrance. Fig.7 shows the velocity distributions in 
span-wise direction (Fig.7 (A)) and the variation of water level 
(Fig.7 (B)) under normal condition. It can be seen the small 
deviation between each profile referring to the steady 
condition. Similar to Fig.7, the results of unsteady condition A 
and B is illustrated in Fig. 8 and Fig. 9 respectively. As the 
results, large deviations are observed between each profile due 
to the high unsteady level generated from the obstacle. 

Table 1 shows the result of the liquid flow rate calculation 
according to Eq. (1) and compared with the standard device 
using electromagnetic flow meter. The overall deviation is less 
than 6 %. These errors probably cause by the water level 
fluctuation on the free surface. This can be seen from the larger 
deviation of steady normal condition and unsteady condition B 
comparing with unsteady condition A. Therefore, it is possible 
to measure not only the steady flow rate but also the unsteady 
flow rate. 
 

Table 1. Result of the flow rate measurements 

Condition 
Electromagnetic 

flowmeter 
(l/min) 

This method 
(l/min) 

Error 
(%) 

Normal 
condition 56.7 54.4 －4.1 

Condition A 55.3 54.3 －1.8 
Condition B 55.0 52.0 －5.5 

CONCLUSION 

Ultrasonic Doppler method was applied to the open channel 
flow. The information of velocity distribution and water level 
in term of the transducer position and its angle were obtained. 
The velocity distributions obtained by UVP were applied to 
calculate the liquid flow rate particularly under the unsteady 
condition. The results show that it is possible to measure not 
only the steady flow rate but also the unsteady flow rate 
accurately. Finally, the effect of water level fluctuation near 
the transducer is revealed. In this case, some measrument 
correction is required to minimize the overall error generated 
during the measurement. 
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INTRODUCTION 

As a new flow metering system in a circular pipe, ultrasonic 
Doppler method has been developed [1][2]. This method has a 
capability of measuring the instantaneous velocity profile in a 
pipe over a diameter directly, so it is expected to improve the 
flow metering performance to be applicable for a transient flow 
measurement. In order to establish the technique and 
investigate its absolute accuracy, the comparison among 
experimental results has been performed at the National 
Institute of Science and Technology (NIST) flow standards 
located in Gaithersburg, MD, USA [3]. These results showed 
that the difference between the averaged ultrasonic Doppler 
method values and NIST gravimetric measurement were about 
0.18%. 

The laboratory experiments appeared that for fully 
developed flow condition an accurate measurement of flow 
rate was achievable using only a single measuring line, and 
additionally, for non developed flow which is located just 
below the bend pipe the multilines method was successfully 
applied and the errors were less than 1% [4]. However, the 
results of that the velocity profiles in both near region from the 
metallic pipe wall were disturbed using nylon powder as 
ultrasonic reflectors also have been reported. Therefore, when 
this method applies to a metallic pipe increased the diameter or 
the thickness, there is a possibility to decrease the precision of 
a flow rate measurement. This is because that an echo reflected 
from a boundary of a pipe wall and resonated especially in a 
metallic pipe wall is very strong. Additionally, an ultrasound 

through a large metallic pipe might be attenuated, so that the 
signal-to-noise ratio of detected echo is reduced. 

The available ways to overcome these challenges are to 
consider the effects of a material and thickness of a pipe, a 
ultrasonic frequency, and an incident angle to a transmission 
coefficient. The experimental results showed that when a 
metallic pipe wall is one half-wave length of ultrasound, the 
velocity profiles and the flow rate would give the most 
promising accuracy [5]. 

Therefore, we described about the effects of an incident 
angle in this paper, when the difference of the acoustic 
impedance is large and the wall thickness is not same order of 
the wavelength. A sound pressure distribution through a 
carbon steel plate at each incident angle has been investigated. 
And then considering the results, precisions of velocity profiles 
and flow rates have been estimated. 

SOUND PRESSURE DISTRIBUTION 

As the container material of the pipe in power plants and 
industrial plants is a metallic, the transmission of the ultrasonic 
beam through the metallic wall is important. The propagation 
and transmission of ultrasound wave follow the common 
optical law. Reflection, diffraction, inflection and so on occur 
at the boundary of two materials that have different acoustic 
impedance. And in solids, both of a longitudinal and a shear 
wave, which refractions are different, are generated. Table 1 
shows the critical angles of both a longitudinal and a shear 
wave in carbon steel from water. 
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ABSTRACT 

Ultrasonic Doppler method (UDM) for a flow metering system has been developed. The method has the 
capability to obtain instantaneous velocity profiles along the ultrasonic beam. Our purpose is to apply UDM to a 
flow rate measurement of a circular pipe flow. The principle of the flow measurement method is based on the 
integration of an instantaneous velocity profile over a pipe diameter. Hence, the accuracy of the flow rate directly 
depends on the accuracy of velocity profiles measured by UDM. Reflection, diffraction and inflection of ultrasound 
occur at the boundary of two materials, which have different acoustic impedance. And the transmission coefficient 
depends on the incident angle of ultrasonic beam, the difference between their acoustic impedance, the thickness of 
the pipe wall, and the basic frequency of the ultrasound. In this paper, a sound pressure distribution through a 
metallic plate at each incident angle has been investigated, and considering the results a precise flow rate could be 
measured when the difference of the acoustic impedance is large and the wall thickness is not same order of the 
wavelength. 

Keywords:  sound pressure distribution, transmission of ultrasound, ultrasonic Doppler method, velocity profiles, 
and metallic pipe wall 
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Table 1  Critical angle of a longitudinal and a shear waves in 

plexiglass and carbon steel from water 
 US velocity [m/s] Critical angle [deg.]
 Long. Shear Long. Shear 
Water 1,480 - - - 
Plexiglas 2,350 1,460 39.0 - 
Carbon steel 5,950 3,240 14.4 27.2 

 
Experimental setup and method 

Fig.1 is the schematic diagram of the measuring a sound 
pressure distribution, which consists of a transmitting and 
receiving system of ultrasound, and a test section. Fig.2 shows 
the photographs of the test section. Pulse ultrasound is 
transmitted from a transducer connected to X-3 PS-i model 

Ultrasonic Velocity Profile monitor (Met Flow AG). The beam 
diameter and the basic frequency are 10 mm and 2 MHz 
respectively. And then, the pulse is received using a ultrasonic 
hydrophone connected to a digital oscilloscope (LeCroy: 
C574AL). The effective and outer diameters of the hydrophone 
are 0.5 mm and 1.4 mm respectively, and since the hydrophone 
is placed on a XYZ stage, this system can scan the detail sound 
pressure filed. 

As a metallic plate, carbon steel (SS400) is applied and the 
thickness is 10 mm. To estimate the effect of an incident angle, 
the transducer is set up from 5 to 28 degrees, and the 
hydrophone is traversed along the plate keeping 10 mm from 
the plate surface. 

A transmitted pulse ultrasound from the transducer is 
detected like Fig.3 by the hydrophone. In this study, a sound 
pressure of this signal is calculated adopting the peak to peak 
value. And to difine a transmission coefficient of ultrasound 
through a metallic plate, the value of the peak to peak is 
nomalized by a maximal value of a transmissted beam. Fig.4 
shows an experimental result of a sound pressure distribution 
along a center line of the ultrasonic beam without plates.We 
emploied the maximal value of the sound pressure, 51.7 mV 
for normalizing. 
 
Results and discussion 

The transmission coefficients at each incident angle are 
plotted against the distance from the edge of the transducer in 
Fig.5. At 5 and 10 degrees, some maximal peaks are appeared 
because of the pulses reflecting in the plate and the existence of 
the both longitudinal and shear waves in the plate. On the other 
hand, at from 15 to 20 degrees, one strong and narrow peak is 
formed. Considering the longitudinal ciritical angle is 14.4 
degrees (Table 1), this strong and narrow peak is attributed to 
the shear wave. At 25 and 28 degrees, the peak width becomes 
broader as increasing the angle due to the beam width on the 
scanning line increases. 

Fig.6 shows the maximum values of the transmission 
coefficients at each incident angle in Fig.5. It can be seen that 
at small angle, around 5 degrees, the coefficient has a maximal 
peak owing to the longitudinal wave, and additionally at 
around 18 degrees, another maximal peak which is higher than 
at 5 degrees is expressed due to the shear wave. 

VELOCITY PROFILES AND FLOW RATES 

Experimental apparatus and method 

Considering the results described above, velocity profiles 
and flow rates have been measured using UDM. The 
experimental apparatus consists of a water circulation system, 
a test section and a measurement system. Fig.7 is the schematic 
diagram of this apparatus, which was designed and built in to 
emphasize on the formation of fully developed turbulent pipe 
flow in both downward and upward directions. In this study, 
single-phase turbulent pipe flow in upward direction was 
investigated. Water is circulated by a centrifugal pump from 
the storage tank into the pipe. The vertical pipe is made of 
plexiglass, which total length, inner diameter and wall 
thickness were 6 m, 50 mm and 5 mm, respectively. The flow 
rate is regulated by the needle valve and monitored by flow 
orifices and pressure sensor located upstream of the test section. 
The measuring point was located at 90D downstream from the 
pipe inlet. The material of the test section is carbon steel 
(SS400) and the wall thickness is 5 mm.  
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① Ultrasonic Velocity Profiler
② Transducer
③ Ｄｉｇｉｔａｌ oscilloscope
④ Ultrasonic hydrophone

⑤ Trigger line
⑥ Plexiglass box
⑦ ＸＹＺ stage  
 

Fig.1  Experimental setup for measuring  
ultrasound pressure distribution 
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Velocity profiles were collected using UVP monitor at each 

incident angle. The basic frequency, beam diameter and 
distance of measurement volumes are 2 MHz, 10mm, and 

0.74mm respectively. For reflectors of ultrasound, small 
bubbles mixing in the pump is suspended in water with the 
Reynolds number of 24,000. 

UDM for a flow rate measurement requires only a single 
transducer whereby the measurement line goes through the 
center of a pipe. If a flow is axially symmetric, the flow rate 
can be obtained accurately by integrating the half of the 
velocity profile using Eq. 1, which is obtained from the 
measuring line on the diameter: 
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where Ri is the distance from the center of the pipe to the 

measuring point, and vi is the velocity of the point. 
 
Results and discussion 

The mean velocity profiles at each incident angle are 
illustrated in Fig.8. The typical data set consists of 1024 
instantaneous velocity profiles. As shown in Fig.8, The left 
half velocity profiles, which are near side from the transducer, 
is disturbed, and especially at under 15 degrees the disturbed 
area is larger. Because when the incident angle is small the 
reflection from the front pipe wall and ringing in the pipe is 
very strong. Compared Fig.8 with Fig.5, it can be seen that the 
accuracy of velocity profiles depend on the strength of the 
transmission coefficient.  

As mentioned above, since the left half velocity profile is 
disturbed, a flow rate is calculated by the right half velocity 
profile in this paper. The comparison of errors and standard 
deviations between the measured flow rate using UDM and the 
volumetric flow rate with respect to the incident angle is 
illustrated in Fig.9 and Table 2. At less than 15 degrees, the 
error value increases as increasing the incident angle, due to 
the longitudinal wave strength becomes weaker. In the 
opposite, at more than 15 degrees the error decreases, and at 
around 19 degrees it takes the minimal value, 1.6 %. This is 
because that the transmission coefficient of the shear wave 
generated in the pipe wall has the maximum value. Then, over 
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(a)  5 deg. (e)  18 deg. 

0 10 20 30 40 50 60 70
0

1

2

3

4

5

6

7

8

x  mm

Tr
an

sm
is

si
on

 c
oe

ffi
ci

en
t  

%

 
0 10 20 30 40 50 60 70

0

1

2

3

4

5

6

7

8

x  mm

Tr
an

sm
is

si
on

 c
oe

ffi
ci

en
t  

%

(b)  10 deg. (f)  20 deg. 
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Fig.5  Transmission coefficients of ultrasound 
 through a carbon steel plate (thickness = 10 mm)  
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Fig.6  Maximum of transmission coefficients 

 at each incident angle in Fig.5 
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Fig.7  Experimental apparatus for measuring a velocity 

profile and a flow rate 
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19 degrees the strength of ultrasound occurred by the shear 
wave in the pipe wall becomes weaker, so that the error of the 
flow rate increases. 

However, the standard deviation of the flow rate shows the 
different tendency. At more than 15 degrees, the characteristic 
between the error and the standard deviation is similar. On the 
other hand, at less than 15 degrees, as decreasing the incident 
angle, the standard deviation increases. In this experiment, 
owing to the pulse repetition frequency of UDM is fixed (2426 
Hz), the resolution of the velocity is large in the case of the 
incident angle is small. 

CONCLUDING REMARKS 

The effect of the incident angle on measuring velocity 
profiles and flow rates using ultrasonic Doppler method is 
investigated in the case of the pipe material is carbon steel. The 
laboratory experiments appeared that the transmitted 
ultrasound, which generated by the longitudinal wave in 
carbon steel, becomes weaker as increasing the angle, and the 
accuracies of the velocity profile and the flow rate are also 
reduced. 

On the other hand, it is clear that the ultrasound generated 
by the shear wave has the maximum strength at about 18 
degrees, and additionally higher accurate values of the velocity 
profile and the flow rate are obtained at that angle. 
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Table 2  Errors and Standard deviations of the flow rate 

 at each incident angle 
Incident angle 

[deg.] 
Error  [%] Std dev.  [%] 

  5  -7.2 10.6 
10 -33.8 10.4 
15 -52.8   8.0 
17 -26.8   8.2 
18  -7.5   6.1 
19  -1.6   6.1 
20 -13.1   7.5 
24 -63.8   7.7 
28 -91.4 19.8 

 

-0.5 0.0 0.5
0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

 
-0.5 0.0 0.5

0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

(a)  5 deg. (e)  19 deg. 

-0.5 0.0 0.5
0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

 
-0.5 0.0 0.5

0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

(b)  10 deg. (f)  20 deg. 

-0.5 0.0 0.5
0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

 
-0.5 0.0 0.5

0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

(c)  15 deg. (g)  24 deg. 

-0.5 0.0 0.5
0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

 
-0.5 0.0 0.5

0.0

0.5

1.0

1.5

r / D

U
 / 

U
m

(d)  18 deg. (h)  28 deg. 
  

Fig.8  Mean velocity profiles at each incident angle 
 using carbon steel pipe (Thickness = 5 mm) 
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Fig.9  Errors and Standard deviations of flow rate 
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INTRODUCTION 

Disruption of sediment transport in rivers caused by sand 
and gravel pits can change bed geometry and endanger the 
stability of the banks and downstream structures, e.g. bridges. 
Sediment transport is affected by sudden change in the river 
section geometry and consequently erosion is anticipated in the 
downstream of the pit. Therefore, geomorphic and also 
environmental effects of material extraction are one of the main 
concerns in river training projects [1].  

The 3rd correction of the Rhone River is a project at 
national scale which deals with all kind of hydraulic activities 
and structures in the Swiss part of the river. Sand and gravel 
extraction is carried out in few locations along the river among 
them in the Rarogne Region. 

In the study the evolution of bed geometry due to a mine pit 
is investigated. A 1:45 scale physical model with mobile bed 
was constructed and a series of experimental tests were 
conducted in order to investigate downstream erosion and 
changing in sediment transport due to the dredging pit model 
The main goal of this study is to determine the depth and extend 
of the erosion in the affected zone in order to establish criteria 
for the mine operator. 

Although research was carried out in the past based on 
laboratory tests and numerical modeling [2], [3] and [4], due to 
complexity of this phenomenon, scale hydraulic modeling is 
necessary for each project in order to obtain accurate results. 
Lee and Song [2] proposed formulas, derived from the 
experimental results, for different parameters and tried to find 
an empirical solution to this problem. This set of formulas has 
been obtained for a rectangular mining pit composed of 
uniform sediments over the whole river width and for a limited 
extend of Froude numbers (0.40-0.47). 

 
Its application is limited to cases presenting no lateral 

contraction and only within the range of the original study. 
Referring to these investigations, two different stages can 

be distinguished in the mining pit migration process, the 
convection and the diffusion phase (Figure 1). The transition 
occurs when the lowest point of the pit coincides with the 
downstream extremity of the pit. 
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Figure 1: Migration of a rectangular mining pit composed of 
uniform sediments according to [2] 
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ABSTRACT 
As part of the project of the third correction of the Rhone River in Canton of Valais in Switzerland, the effect of 

gravel extraction from the riverbed in the Rarogne Region was studied. A 1:45 scale physical model with mobile bed 
was constructed and a series of experimental tests were conducted in order to investigate downstream erosion and 
changes in sediment transport due to the dredging pit. Three combinations of pit and contraction due to dredging 
were studied for three flood discharges. The velocity profile was measured in different locations, using UVP 
(Ultrasonic Velocity Profiler) probes. Having velocity profiles, evolution of the bed geometry and development of 
the mining pit can be instantly determined during the test. The main difficulty of the analysis was interpretation of the 
velocity profile in order to detect bed position. Installing four probes along the width of the model, lateral effect of 
contraction and mining pit on flow velocity was analyzed. Finally, based on results of the tests, recommendations are 
given for the mining operator, taking into account the local conditions and downstream structures. 
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The Ultrasound Doppler Velocity Profile method (UVP 

method) has been chosen in the presented model study in order 
to measure the hydraulic flow characteristics and the bed 
profile during the transient phenomena. The principle of the 
method is straightforward; echography and Doppler effect. 
Originally developed in medical engineering to measure blood 
flow, its applications nowadays extend to non-medical flow 
measurements in general fluid mechanics. Due to the inherent 
constraints of classical anemometry, there has been a clear need 
to develop and dispose a measurement technique by which one 
can obtain velocity fields in space and time valuable for the 
hydraulic engineer. The Method has been applied since 1995 at 
the Laboratory of Hydraulic Constructions (LCH) to monitor 
initially the time-depended flow field of turbidity currents, 
velocity profile measurements for surface roughness 
determination, modeling of muddy debris-flows and roughness 
effects in sediment transporting mountain rivers. 

PHYSICAL MODEL  

The simulated river reach extends to some 800 m (Figure 2) 
which was modeled at a scale of 1/45 giving the length and 
width of the model as 16 m to 2.4 m, respectively. 

In order to find out the impact of the dredging pit during 
different flood events, a series of tests were carried out for three 
discharges listed in Table 1. 

 
Table 1. Three discharges adopted in this study  

Return period (yr) 10 50 100 
Discharge  
in prototype (m3/s) 

580 740 820 

Discharge  
in model (l/s) 

42.7 54.5 60.4 

 
Since during the mining operation, material deposits causing 

contraction have also been observed for the mentioned 
discharges, the three following configurations of dredging pit 
geometry were tested: 

• Big dredging pit, 2 m long, 10 cm deep 
• Big dredging pit with contraction, 2 m long, 10 cm deep 
• Small dredging pit, 1 m long, 10 cm deep 
The contraction is maximum, half of the width, in the 

beginning of the pit and reaches to zero at the end of the pit. The 
geometry of the pit was chosen based on observations and 
measurements performed in different periods of the mine 
operation in the last 14 years. The hydraulic model constructed 
for this study is schematically shown in Figure 3. 

BWW58

BWW57

BWW58A

BWW60

BWW57 A
P1 P2 P3

P4
P5

P6
P7

P8
P9

P10

(105.971 km)

(106.218 km)

(105.556 km)

 
Figure 2: Limits of the hydraulic model and available cross sections of Rhone River used in this study 
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Figure 3: Schematic presentation of the hydraulic model 

 

In order to meet the similarity laws in case of mobile bed 
modeling, grain diameter used as bed load should be chosen 
considering the riverbed roughness and type of the bed form. 
Total roughness must be calculated taking into account 

roughness by size of the grains and the bed form. Based on the 
empirical formulas and charts determining the bed form [5], in 
case of the Rhone River the bed form consists of dunes. 
Considering total roughness, uniform graded fine sand of 0.2 
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mm diameter was adopted as bed load. Using very fine sand, 
saturation of the model become very delicate and local erosion 
may occur.  

Sediment feeding was evenly done on the upstream limit of 
the model during the tests. The sediment discharge has been 
calculated for each case based on empirical relations of Smart 
& Jaggi and Schoklitsch (from [6]). Average values of the 
above mentioned methods were applied as sediment discharge, 
Table 2. 

 
Table 2. Sediment feeding discharge  
Water discharge 

(l/s) 
Solid discharge 

(l/s.m) 
42.7 0.0060 
54.5 0.0075 
60.4 0.0100 

INSTRUMENTATION 

Four UVP (Ultrasonic Velocity Profiler) transducers were 
mounted on a mobile measurement platform moving along the 
model, Figure 4. 

 
 

2 MHz transducers were adopted for the test taking into 
account the three following parameters: 

• Measurement distance range 
• Maximum estimated velocity range 
• Required accuracy in terms of width of the 

measurement channel and velocity resolution 
 
Table 3. UVP transducer configuration used in this study 
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Velocity profile measurement was conducted every 25 cm 

close to the pit and every 50 cm in the other parts. 
In each measurement station, 100 profiles were measured 

by each of the four probes, having one second delay to activate 
the next probes. One full set of measurement over the model 
was performed at an interval of half an hour. 

 

 

 
 

Figure 4: UVP transducers mounted on the measurement platform supported itself by rails 
 
 
Having velocity profile measured in different distances 

from the upstream limit of the model, geometry of the bed was 
determined by detecting the bed position. Velocity profiles 
can be analyzed using MFX-XW software [8]. The 
methodology of velocity profile analysis is described as 
follows: 

 
• Zero velocity 
• Zero standard deviation 

 
 

• Zero velocity  
• Non-zero standard  

deviation 
or 
• Non-zero velocity 

 

 
In the first case bed position can be easily detected, 

whereas in the second case more visual attention and work is 
required in order to accurately find the bed elevation using 
UVP. 

Considerations regarding the application of UVP in 
mobile bed studies 

• Correction of the velocity values due to inclination of the 
probes with respect to the vertical should be taken into 
account if real velocity values are required (can be 
automatically done by MFX-XW software [8]). 

• For measuring velocity in a certain position, a number of 
profiles has to be measured in order to obtain a realistic 
average profile representing the actual average velocity 
profile (in this study 100 measurements each time to cover 
turbulent fluctuations in the steady state flow field). 

Obvious 
bed position 

Manual bed 
detection 
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• Accuracy of the measurement is limited to the width of the 

measurement channel. 
• Sound reflection in the fixed part of the bed (in this case 

concrete foundation of the model) should be detected and 
removed while analyzing the water velocity profile. 

• Upper part of the velocity profile should also be omitted as 
it is affected by the turbulence on the surface caused by 
water flow around the probe end. 

• Since the probe is inclined with respect to the vertical, bed 
elevation detection can be influenced by bed form, e.g. 
dunes, ripples, etc. This has two aspects: Firstly, the 
average bed elevation can be wrongly determined by the 
height of the local dune, secondly if the dunes are 
relatively big compared to the water depth, bed level 
reference points are in different positions for aligned 
probes in the cross section. 

• If bed geometry or flow field changes rapidly, it is 
recommended to install probes at fix positions so that the 
time needed to place the probes at the right position does 
not affect the accuracy of the measurements of a 
transitional phenomenon. 

Advantages of UVP transducers: 

• Online measuring of velocity profile 
• Online measuring of bed elevation without stopping the 

test, especially in case of transient phenomena. 
• Turbulence measurement, limited to acquisition frequency 
• 3-D flow field analysis 

AUTO BED DETECTION USING UVP 

Based on the criteria mentioned above, auto detection of 
the bed was investigated and the results are presented in 
Table 4. 

 
 
 

Table 4. Results of average velocity profile analysis 
Q 

(l/s) 
Case 1 Case 2 Case 3 Case 4 

 No. % No. % No. % No. % 

42.7 39 98 0 0 1 2.5 0 0 

54.5 34 85 0 0 6 15 0 0 

60.4 16 40 7 17.5 14 35 3 7.5 
Case 1: Auto detection of the bed is possible 
Case 2: Non-zero velocity 
Case 3: Non-zero standard deviation 
Case 4: Difficult to detect the exact position of the bed 
 
As it can be seen the possibility of the bed auto detection 

decreases as the discharge increases. With higher discharges, 
solid discharge also increases, causing higher sediment 
transport rate and more indistinct bed position. Therefore, due 
to the bed load transitional zone (moving bed), a precise bed 
level almost does not exist any more. By reducing the velocity 
resolution, the auto bed detection can be more reliable, as in 
most of the velocity profiles categorized as case 2, minimum 
velocity is equal to the velocity resolution. It should be said 
that having less material transport rate inside the dredging pit, 
bed position could be automatically detected for all the 
velocity profiles measured inside the pit. 

RESULTS 

Applying the methodology explained above, bed geometry 
along the model was determined in different times by 
measuring velocity profiles and interpreting them, Figure 5. 
The evolution of the dredging pit was investigated under 
different discharges. The pit location for Q50 (model) at 
different instances is shown in Figure 6. As it can be seen the 
upstream face of the pit remains parallel to its initial slope 
(1:1). Figure 7 shows the evolution of the dredging pit in the 
physical model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: Velocity profiles and standard deviation measured by UVP probes in the pit 
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Figure 6: Bed geometry measured by UVP probes at t1=0, t2=1 and t3=3 hours for Q50=54.5 l/s (prototype 740 m3/s) 

 
 
 
Time increasing erosion is observed downstream of the pit. 

This is due to disruption in the bed load transport, as all the 
sediments coming from upstream trap in the pit, whereas shear 
velocity remains the same downstream of the pit and 
consequently causes erosion. The depth of the erosion 
decreases towards downstream. It is a transient phenomenon 
and the extent and depth of the erosion depend on the time 
required to fill the whole pit by sediments, returning the bed to 
its equilibrium state. The required time depends on the solid 
discharge and volume of the pit. Hence, by limiting the size of 
the dredging zone, the downstream erosion can be controlled 
with respect to the selected flood event. 

Since sediment transport depends on the corresponding 
shear velocity and sediment size, the pit moves faster with 
increasing discharge producing higher shear velocity, Table 5. 
Although the pit moves faster and the required time to fill it is 
shorter, the downstream erosion does not necessarily decrease 
as the higher shear velocity causes more erosion in a shorter 
time. 

 
Table 5. Comparison of the test results for different 

discharges 
Q 
 

(l/s) 

Pit movement 
 

(m/hr) 

shear 
stress τo 

(Pa) 

Downstream 
Erosion extent 

(m) 
42.7 0.20 0.63 6.0 

54.5 0.52 0.75 6.9 

60.4 1.04 0.88 7.5 
 
Having contraction in addition to the dredging, test results 

show that local erosion can occur in the pit due to 3-D flow 
field. Also the shape of the moving pit front is not straight 
anymore and it advances faster in the center, making a curved 
pit front. 

With a pit size used in this study, downstream erosion on 
prototype scale can be expected up to 300 m downstream of 
the pit during major flood events. For the given simulated pit 
size, dredging operations should take place at least 300 m 

upstream from any important hydraulic structure (e.g. bridge 
pier) on the river in order to limit the impact of bed erosion. 

 

 
 
Figure 7: Picture of the pit movement on the river bed 
 
Further investigations are needed in order to asses the 

effect of dredging pits with other dimensions under different 
flood events and solid transport conditions. 
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CONCLUSIONS 

A hydraulic model with mobile bed at a scale of 1/45 was 
constructed to study the effects of a dredging operation on the 
Rhone River in the Rarogne Region, Canton of Valais, 
Switzerland. Four UVP transducers mounted on a mobile 
platform were used to monitor the evolution of the bed 
geometry and movement of the dredging pit. 

Analyzing the average velocity profiles, the possibility of 
auto bed detection by interpretation of the velocity profiles 
measured using UVP probed was investigated. In most cases 
auto detection is feasible. The possibility increases with lower 
discharges where less bed movement occurs. 

Downstream degradation caused by dredging operations 
was determined for different discharges and recommendations 
are provided regulating gravel extraction activities. 

Further studies are needed to evaluate the effect of different 
pit dimensions, solid transport conditions and sediment sizes. 
Numerical modeling, calibrated based on the result of this 
work, are currently carried out in order to evaluate the 
sensitivity of the results to effective parameters. 
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INTRODUCTION 

The content of the present paper results from the multidis-
ciplinary flood protection research project DIFUSE (Digues 
Fusibles et Submersibles, Fuse plugs and overflow dams at 
rivers) involving governmental offices, private companies and 
four research institutes. The task of the Laboratory of Hy-
draulic Constructions (LCH) is to study the effects of a side 
overflow on the sediment transport in a natural channel.  

At the current stage of research, the available published 
work is limited to only one of these aspects. Lateral overflow, 
sediment transport and bed morphology are treated as a single 
problem and nearly no publications relate these phenomena to 
each other. Due to this lack of knowledge, the particular ob-
jectives of the LCH contribution are to collect experimental 
data which can be used to conduct a non-dimensional parameter 
analysis to predict the hydraulic behaviour of the diverting 
weir. Combined with a photogrammetrical approach, the pur-
pose is to determine river bed changes and to find empirical 
relationships. Furthermore, the collected data serves as 
main-input to generate a 3D numerical model. 

EXPERIMENTAL MEASUREMENTS 

Channel facility and tested parameters 

With the help of a 30 m long and 2.0 m wide flume, the 
hydraulic and geometric characteristics of the main-channel 
and the side weir were analyzed systematically to determine the 
influence of laterally placed side weirs on sediment transport, 
erosion and deposits in the main-channel. The flume was 
subdivided longitudinally into two separate channels by a 
vertical 0.9 m high smooth wall. The first channel, being 1.5 m 
wide, represents the actual testing facility including the mobile 
bed and the side weir on the right river bank. The second one, 
0.47 m wide, constitutes a lateral channel permitting to evacu-
ate the laterally diverted discharge. A general layout of the 
experimental setup is shown in Figure 1. The main-channel 
discharge (117 – 220 l/s) including flood hydrographs, diverted 
discharge, channel slope (0.1 – 0.4 %), length of the lateral weir 
crest (3.0 m, 2 x 2.5 m), number of weirs (1 or 2) and sill height 
(0.09 m, 0.10 m,) were considered as test parameters.  
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ABSTRACT 

Lateral side weirs on channels are widely used in irrigation engineering and flood regulation. They are installed at 
the wall along the side of the main-channel to spill water over them when the water level in the channel rises above 
their crest. This lateral loss of water is responsible for the reduction of sediment transport capacity in the 
main-channel by decreasing the bottom shear stress. This yields to the formation of sediment deposits which raise the 
bed level locally. The design discharge to be diverted over the side weir is therefore increased and consequently 
sediment transport capacity is further decreased. This interaction between lateral overflow and sediment transport 
has to be known in order to avoid undesirable consequences. With the help of an experimental setup the physical 
processes in the main-channel and on the side weir were analyzed systematically confirming the processes mentioned 
above. They are strongly transient showing a tendency towards an equilibrium state of the river bed. The presence of 
mobile bed material forms an important part of these processes. Without paying attention to detail, resulting errors 
may be in the order of 25 %.  

Keywords: Ultrasonic Velocity Profiler (UVP), velocity profile, lateral overflow, side weir, bed morphology, 
bed-load transport 
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Fig. 1 General view of the test facility with the main channel, 
the lateral side weir, the mobile bed and evacuation 
channel (top) and disposition of water level (US) and 
velocity (UVP) recording (bottom) 

Measuring procedure 

The channel facility is originally horizontal. The bottom 
slope is created by adjusting the mobile bed to the requested 
slope. The mean thickness of the sand layer is 0.24 m. The bed 
material used in all tests consists of sand having a mean di-
ameter of dm = 0.75 mm. The sediment quantities to be supplied 
at the upstream end of the flume have been estimated according 
to the formula of Smart & Jäggi [1]. Sediment feeding was 
adjusted during the test in order to maintain a constant water 
level for a certain discharge thus maintaining uniform flow 
conditions in the upstream stretch of the flume. The upstream 
discharge was delivered by the use of three pumps feeding one 
pipe controlled by an electromagnetic flow meter.  

A steady flow rate could therefore be easily set and main-
tained accurately throughout the duration of each test. The 
diverted discharge was measured by a standard sharp-crested 
weir installed in the evacuation channel. 

Water depth along the main-channel as well as on the 
sharp-crested weir in the lateral channel were recorded con-
tinuously with a frequency of one measurement per second by 
the use of an ultrasonic gauge (voltage between 0 and 10V). 
The voltage was transformed into a distance to a reference level 
located at the crest of the side weir. The error of the level 
measurement is less than 1 mm (average ± 0.5 mm). Altogether, 

15 ultrasonic gauges were installed longitudinally in the centre 
line of the channel, one located upstream of the side weir, 12 in 
the reach of the side weir (every 0.33 m), two downstream of 
the weir and one upstream of the measuring weir in the 
evacuation channel (Fig. 1).  

Velocities were measured with an Ultrasonic Doppler Ve-
locity Profiler (Metflow SA, Model UVP-XW) allowing to 
obtain instantaneously a 1D-velocity profile over the whole 
channel depth [2]. For each 1D-profile, 128 data points in time 
were recorded with a spatial resolution of 128 points over flow 
depth. Eight probes, each inclined by 25°, were mounted on a 
measuring frame fixed on a traversing beam whereof four 
probes were orientated in the longitudinal channel direction and 
four perpendicular to the main-channel axis, thus allowing to 
constitute a 2D velocity field (Fig. 2). The used probes had an 
emitting frequency of 2 MHz. Velocity profiles were recorded 
every 30 minutes for 16 cross sections, whereof three were 
located upstream of the weir, seven in the array of the weir 
(every 0.5 m) and six in the downstream section of the channel 
(Fig. 1). The velocity measurements were also used to detect 
the bed. The surface was obtained from the signal for which the 
velocity as well as the variance were close to zero [3] [4]. 

Fig. 2 Disposition and configuration of UVP probes on the 
measuring frame 

As far as the monitoring of the river bed topography is 
concerned, a photogrammetrical approach has been applied 
serving as a three-dimensional surface measurement tool. For 
the present study five photographs with an overlap of 60 % have 
been taken to cover the whole channel. This has been done for 
the initial flat bed situation and after each experiment for the 
final bed situation after controlled drainage of the channel. 18 
photocontrol points distributed along the channel facility and in 
the laboratory were used for the orientation and triangulation 
process. For the creation of the DTM a grid resolution of 2,5 x 
2,5 cm has been chosen. 
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RESULTS AND DISCUSSION 

Water level and diverted discharge 

Due to the passage of dunes, water level measurements re-
veal strongly transient processes owing an oscillatory character. 
At the beginning of each experiment the water level in the main 
channel as well as the one over the measuring weir in the 
evacuation channel increases. With elapsing experiment time 
the level reaches a maximum before tending towards an almost 
constant value. This behaviour is more or less distinctive 
depending on the initial discharge. As far as the diverted dis-
charge (QD) is concerned, the water level in the evacuation 
channel has been transformed into a discharge using the equa-
tion for sharp-crested weirs. Compared to the initial discharge 
introduced upstream (Q1), QD amounts on average to 17 % of 
the total discharge introduced (Fig. 3, top).  

Fig. 3. Temporal evolution of diverted discharge (QD) in 
percentage of total discharge (Q1) (top) and com-
parison of QD for mobile and fixed bed conditions 
with Q1 (bottom) 

The lowest value of 4 % is obtained for the smallest dis-
charge, the largest one of 28 % for the highest discharge. 
Compared to fixed bed conditions (Fig. 3, bottom) it can be 
noticed that the ratio QD/Q1 averages to be 25 % higher with a 
mobile bed thus corresponding to [5]. 

Velocities 

The velocity recordings revealed an interesting effect of the 
Doppler measurement device which has been described earlier 
[3]. If the measured velocity was higher than the maximum 
velocity, the UVP shifts the measured value by minus 2 times 
the velocity range to the negative domain of the measurement 
and vice versa. If the sign of the velocity is known, the recorded 
velocity can be corrected by shifting the negative (positive) 
values again to the positive (negative) domain [4]. Qualitative 
and corrected velocity profiles in channel axis and perpen-
dicular to the weir for three cross sections situated upstream, in 

the weir alignment and downstream are plotted in Figure 4. For 
each cross section, a profile at the beginning and at the end of 
the test has been measured at 0.9 m channel width (Fig. 1).  

The profiles in flow direction (Fig. 4, top) at the beginning of 
the experiment are almost homogenous to become significantly 
disturbed in the weir alignment as well as in the downstream 
channel section. The distance to the free water surface is nearly 
equal for all profiles indicating an almost similar water depth. 
From this, a rather regular and undisturbed bed morphology can 
be concluded. At the end of the test, a typical velocity distri-
bution is encountered for the upstream part whereas further 
downstream distortions come across. The distance to the free 
water surface decreases. Assuming a horizontal water surface 
level, the bed level has therefore increased.  

Fig. 4. Velocity measurements parallel to channel axis (top) 
and perpendicular (bottom) upstream, in the weir 
alignment and downstream at the beginning and at 
the end of test run B02. Dashed line: v = 0 mm/s 

The velocity profiles perpendicular to the weir (Fig. 4, 
bottom) are nearly constant over flow depth for the beginning 
of the test run. With elapsing time the velocity component 
towards the weir increases.  

The velocity measurements have also been successfully used 
for the detection of the bed surface (see next paragraph). 
Therefore the development of the bed over time can be deter-
mined, which is not possible with the photogrammetrical 
treatment since only the final bed situation can be measured. 
The information about the ground is less dense because only 
eight points for the eight probes are obtained instead of 
1.5 m/0.025 m = 60 points from the photogrammetry. Never-
theless, it helps to get an idea about the development of the bed 
over time. 

River bed morphology 

After introducing the flow to the prepared initial flat bed by a 
small discharge, a rapid change of bed roughness due to the 
formation of dunes appears. Upstream of the side weir the 
dunes are of quite uniform character whereas in the reach of the 
weir and downstream the regular formation is clearly disturbed. 
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Based on the photogrammetrical analysis the DTM for the final 
bed situation has been determined. Typical cross-section pro-
files for different locations along the main channel are shown in 
Figure 5. The formation of sediment deposits in particular in the 
reach of the side weir are clearly apparent leading to a reduction 
of the cross section of about 33 %. A volumetric balance for a 
7.0 m stretch reveals a deposited volume of 0.044 m3 or 116 kg. 
Due to the reduction, the flow velocity opposite to the weir is 
increased resulting in an oscillatory erosion process before 
attenuating. In Figure 1 these observations are pointed up in a 
qualitative way. Outgoing from the weir side, an erosion gutter, 
at the end of the test still filled with water, is running to the right 
and again to the left. Sedimentation reaches on the right bank 
are followed by eroded reaches on the left bank. 

Fig. 5. Cross sectional profiles for the final state of the river 
bed upstream, in the weir alignment and downstream 
(from top to bottom) 

The detection of the ground using UVP measurements are in 
fairly good agreement with those obtained from photogram-
metry thus permitting an analysis of the temporal evolution of 
the bed morphology. 

CONCLUSION AND PERSPECTIVE 

An essential prerequisite in the field of flood protection is 
the capability to design and to predict accurately the behaviour 
of flood control devices such as lateral side weirs. In many 
cases the behaviour of mobile bed material will form an im-
portant part of this process. It has already been demonstrated 
that without paying attention to detail, errors in calculating can 
be of the order of 30 % [5]. 

The analysis of experimental test series confirms the for-
mation of local deposits of sediments in the reach and down-
stream of lateral side weirs, particularly on the weir side of the 
channel. The flow is attracted by the lateral side weir leading to 

progressive modification of the bed morphology and an eleva-
tion of the bed near the weir alignment. On the one hand the 
deposits increase the flow velocity opposite to the weir result-
ing in additional stress to the bank since the cross section is 
reduced up to 30 %. On the other hand the bed elevation is 
combined with an elevation of the water level leading to an 
increased diverted discharge over the side weir. Compared to 
fixed bed conditions the ratio diverted discharge/ main channel 
discharge is about 25 % higher. Due to the migration of dunes 
this process is strongly transient since at the beginning of the 
experiment the diverted discharge/main-channel discharge 
ratio is low, then rapidly increases to a maximum before 
reaching almost a constant value. A tendency towards an equi-
librium state of the river bed is observed which is also indicated 
by a strongly wavy water surface in the reach of the side weir at 
the beginning of each test which becomes smoother with 
elapsing experiment time.  

Based on the examination of the first test series, the re-
maining experiments will be analysed according to the same 
procedure to finally perform a non-dimensional parameter 
analysis and to develop empirical relationships for the hydrau-
lic and sedimentary behaviour. The collected data will also 
serve to calibrate a 3D numerical model in order to analyze the 
observed effects in detail and to widen the application range. 

A better understanding of the interaction between sediment 
transport and lateral overflow will allow to develop and to 
provide appropriate design criteria for engineers involved in the 
design of fuse plugs on rivers in the framework of flood pro-
tection projects.  
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1.  INTRODUCTION 

Hard-disk drives are the most popular storage devices in 
modern PCs. Recently, for higher speed and higher capacity, 
the accurate positioning operation of read/write magnetic 
heads becomes required. As the inside flow often causes 
pressure and velocity fluctuations, more accurate research have 
been needed. 

Our present interest is the flow between two disks. Namely, 
we consider a pair of disks of the same radius in a stationary 
cylindrical enclosure. Disk spacing is much narrower than disk 
radius. Disks are connected with a common shaft, and corotate. 
Such a flow is often non-axisymmetric, and consists of two 
regions, that is, the region in solid-body rotation and the region 
of secondary flow. Until now, various studies have been 
carried out in order to resolve the flow. For example, Gor et al. 
(1994) measured the combined effect of an obstruction which 
is inserted from the enclosure, using a laser Doppler 
anemometry. Recently, Suzuki and Humphrey (1997) have 
performed three-dimensional numerical simulations for 
corotating-disks flow with two types of obstructions, such as a 
magnetic head arm support and an air lock. 

There have been no experiments on real devices.  So, in the 
present work, the authors attempt flow and thermo 
visualizations on a real HDD. Additionally, because there have 
been less experiments (for example, hot-wire, LDV and flow 
visualization), the authors attempt measurements based on 
UDM (Ultrasonic Doppler Method), using a 
geometrically-symplified model. 

2.  REAL DISK-DRIVE UNIT TEST 

2-1.  EXPERIMENTAL METHOD 

2-1-1.  Apparatus 

Configuration of experimental apparatus is shown in Fig.1. 
Flow visualizations are performed with an obstructed or an 
unobstructed configuration. A real hard-disk drive used in the 
present work rotates at 7,200rpm (Re=1.13 × 105, 
δ=G/Rd=0.0423 and λ=Rw/Rd=1.0. For definitions, see below.). 
An original enclosure wall and rotating disks are replaced by 
acrylic ones, for observation. An obstruction is simplified by 
removing fine parts such as magnetic heads. The obstruction is 
joined with adhesive on the enclosure-wall. A high-speed 
video camera is used. 

 

2-1-2.  Parameters 

Important parameters are as follows (see Fig.2). 
Reynolds number based on the disk radius is 

2
dRRe ω

ν
= .     (1) 
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The ratio of gap to disk radius is 

d

G
R

δ = .    (2) 

In this work, δ=4.23×10-2.  

Dimensionless radius of the enclosure-wall is 

w

d

R
R

λ = .    (3) 

In this work, λ≒1 and (Rw-Rd)/Rd=0.004. 
The obstruction is shown in Fig.3. Dimensionless length of 

the obstruction is 

1 2

d

L L
R

α += .   (4) 

Blockage ratio of the obstruction is 

1 1 2 2

w

L T L T
R G

β += .   (5) 

 
2-1-3.  Thermo-visualization procedure 

In order to observe the surface temperature on the real disk 
unit, we try thermal-image measurements. Pictures are taken at 
a frame rate of 120[fps]. We remove a top plate covering the 
device interior, and replace the special glass plate through 
which infrared rays pass efficiently. 

 
2-1-4.  Flow-visualization procedure 

We lighted up by a halogen lamp, which is fixed as to 
prevent the reflection. The device has three disks. So, we have 
painted a middle disk black, and visualized an upper disk space. 
Flame rate of the camera is 6,000[fps]. In order to confirm the 
accuracy of the frame rate, we have checked the position of a 
mark on the disk. 

The smoke-wire method is adapted, using liquid paraffin. 
We used a pair of nichrome wires twisted (diameter: 0.2mm), 
for more smoke. We take pictures at the time enough after the 
starting up. 

We drilled two 0.5mm holes on the enclosure wall, for the 
nichrome wire. The position of the nichrome wire is at 
Rn/Rd=80%. 

 

2-2.  RESULTS AND DISCUSSION 

2-2-1.  Disk-surface temperature 

 We observed disk-surface temperarure during 1 hour after 
the starting up. Results are shown in Fig.4. Here, temperature 
is not absolutely but relatively, in exact meaning. The 
enclosure-wall temperature increases by about 3 degrees after 
30 minutes later. But, we can observe no clear increase of 
disk-surface temperature during 60[min.]. 

 
2-2-2.  Unobstructed Flow  

Fig.5 shows a steady state at the time enough after the starting 
up. We are able to confirm the existence of a 
solid-body-rotation core. The core is almost polygonal with 6 
to 7 apexes (circumferencial mode 6 to 7). 

 
2-2-3.  Obstructed Flow 

Fig.6 shows obstructed flows with the obstructing length 
α=20, 40 and 60%. The obstruction is about 90゜downstream 
from a nichrome wire. The core size in Fig.6(a) (α=20%) is 
roughly the same as that in Fig.5. 

T 2 T 1

L1 L2

T 2 T 1

L1 L2

Fig.3.  Parameters of obstruction. 
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Fig.4.  Surface temperature on a rotating disk of a 
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In Fig.6 (b) (α=40%), we can see the core, but the core 
dimension is much smaller than those in Fig.5 and Fig.6(a). It 
is difficult to determine the circumferential mode, because the 
apexies disappear just downstream the obstruction. 
In Fig.6(c) (α=60%), we can not see the core. On the 

upstream of a thick part of the obstruction, smoke stagnates. 
On the other hand, there is no smoke on the upstream of a thin 
part of the obstruction. Humphrey et al. (1997) reported that 
there exists a reversed flow region on the immediate 
downstream of the obstruction. However, we couldn’t confirm 
the reversed flow. 

 

3.  MODEL TEST 

3-1.  Experimental Method 

For UDM measurements (Takeda, 1986), we use a 
geometrically simplified apparatus, which is made of acrylic 
resin.  We use three UDM transducers in order to measure 
three velocity components ur, uθ and uz. As particles to reflect 
ultrasonic waves, we use polyethyrene beads, whose specific 
gravity is 0.918, and whose mean diameter is 12µm. To 
measure the radial velocity ur, one transducer is fixed outside 
the enclosure-wall toward the centre. To measure the 
circumferencial velocity uθ, another transducer is fixed outside 
the enclosure wall eccentrically. To measure the axial velocity 
uz, the other transducer is above the rotational disk. 

3-2.  RESULTS AND DISCUSSION 

We conducted LDV (Laser Doppler Velocimetry) 
measurements and UDM measurements, simultaneously, in 
order to check UDM accuracy. We measured the 
circumferential velocity uθ (shown in Fig.7). Vertical axis is 
dimensionless time-mean circumferencial velocity. Horizontal 
axis is dimensionless radial position. UDM results agree well 
with LDV results. 

Fig.8 shows radial velocity profiles at several vertical 
positions. Vertical axis is dimensionless mean radial velocity. 
Horizontal axis is dimensionless radial position. It is confirmed 
that centripetal flow exists near a midplane between disks, and 
centrifugal flow exists near disk-surfaces. 

Fig.9 shows radial, axial and circumferencial velocities at 
r=0.9 and z=0.5. Vertical axis is instantaneous dimensionless 
velocities. Hrizontal axis is dimensionless time. We can 
confirm that periodic fluctuations correspond with the 
circumferencial mode. 

4.  CONCLUDING REMARKS 

The following conclusions are obtained. 

1. We can observe no obvious increase of disk-surface 
temperature during first 60[min.]. 

2. We confirm the existence of the solid-rotation core at α=0, 
20 and 40% (at β=0, 11 and 31%, respectively). But, there 
is no core at α=60% (at β=50%). 

3. The comparison between LDV and UDM shows the 
effectivity of UDM. Using UDM, we observed the disk 
flow qualitatively. 

 

(a)  α=20%, β=11% (b)  α=40%, β=31% 

(c)  α=60%, β=50% 

Fig.6.  Visualization with obstruction (Re=1.13×105).
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INTRODUCTION 

    In river management, it is important to forecast areas that 
have possibility of a flood by measuring temporal change of 
flow rate of the river. Controlling a spread of pollutant is a key 
issue in environment management. For these purposes, 
measurement of flow field is essential. From such a viewpoint, 
requirement of a precise measurement (time dependent if 
possible) of environmental flow like river or lake is rapidly 
increasing.  

Concerning flow velocity measurement in the river, flow 
varies according to conditions like the bottom surface or shape 
of the cross section. So environmental flow field is strongly 
distributed in three-dimensional space in comparison to 
industrial flows which can be mostly modeled as one or 
two-dimensional in space. In order to measure velocity 
distribution more accurately, measuring the velocity at many 
points is required. But, because many of the existing flow 
meters like electromagnetic meter are pointwise measurement, 
only at a single point in space, a long time is needed to obtain 
velocity distribution and the measured result includes errors 
due to a time lag of long measurement. In order to avoid such 
temporal inaccuracy, various hydrological methods have been 
used based on strong simplifications and assumptions like 
Manning’s formula1 Based on such assumptions, discharge is 
estimated using the measured value of the velocity at only 
some point in space or the depth of the river. Since 
assumptions are very crude and actual velocity distributions 
are different from theoretic value, this becomes one of the 
causes that enlarge measurement uncertainty of discharge. 
Therefore, development of new techniques of measuring 
instantaneous velocity distribution like Ultrasonic Velocity 

Profile measurement method (UVP) or Acoustic Doppler 
Current Profiling instrument (ADCP) has been strongly 
required.  

The aim of the present investigation is to apply the UVP to 
several environmental flows. Actually, though river discharge 
has been measured using ADCP by Morlock (1996)3 or 
Kizawa (2001)4 etc., the measurement uncertainty has not been 
examined properly, because actual river discharge is unknown. 
As a first step, the discharge in an open channel was estimated 
from velocity distributions measured by UVP, and it was 
quantitatively evaluated by comparison with discharge in the 
pipe (reference value) also measured by UVP. Though UVP 
can measure velocity vector at an intersection of two or three 
measurement lines, vector measurement takes more time than 
the one-dimensional (1D) velocity distribution measurement. 
As a method that requires smaller time lag of measurement, 
measurement of 1D velocity distribution was performed in this 
experiment. Firstly, a flow that could be assumed well to be 1D 
flow was measured. Next, a flow that is 2D was measured. The 
errors from reference values in each test were estimated. Based 
on the results of this test, adaptability of UVP to environmental 
flow was evaluated.  

EXPERIMENTAL METHOD 

･Experimental equipment 
  Figure 1 illustrates the test channel of this experiment. In 
order to make a flow steady, water was filled in an overflow 
tank by a pump and flowed to the open channel through the 
vinyl chloride pipe (1) from overflow tank. Discharge was 
controlled by a manually operated valve (2). The inside 
diameter of the pipe is 194 mm. Test section 1 is located at the 
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end of this pipe and reference discharge of the channel was 
measured there. A transducer was set at the angle θ of 8 
degrees leaning from a vertical line. The main channel has a 
reservoir tank at the upstream (3) and a dam at the down stream 
(4). Height of the dam was 268 mm. Two partition boards are 
set up on it (5). Their width is 70 mm. The distance from the 
end of the tank to the tip of the dam is 4000 mm, and the width 
is 620 mm. The section from the tank to the dam was defined as 
an open channel. The bottom surface and the interior wall of 
the open channel are made of wood. The x-axis, y-axis, z-axis 
were defined to the direction of the main stream, the direction 
of the vertical line of the wall, the direction of the vertical line 
of the bottom. The origin was set at the end of the tank. Test 
section 2 was located in an open channel. As shown in figure 2, 
a single transducer was set at the position of 2410 mm from the 
dam (9 times of a height of the dam) with the angle θ equal to 
16 degrees leaning to an upstream side from a vertical line. Its 
head was immersed in water. It was moved by a sliding motor 
in order to obtain velocity profiles at any y-coordinates.  
 
 

 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 1: The test channel. 
1 Pipe (Test section 1) 2 Valve 3 Reservoir Tank 4 Dam  

5 Partition boards 6 Open channei (Test section 2) 
7 Transducer 

 
 
 
  
 
 
 
 
 
 

 
Figure 2: Test section 2. 

(Transducer was moved flom y=10 to 310) 
 
 
 

 
 
 
 
 

 
 
 
 
test 2-1                           test 2-2 

 
Figure 3: Setting of the block in test 2-1 and test 2-2. 

At the test section 2, firstly, velocity distribution was 
measured without any obstruction in the channel, being 
assumed as 1D flow (called test 1). Secondly, a block was 
placed on the bottom in order to measure flow that was 
disturbed and not 1D flow (called test 2). The size of the block; 
length was 399 mm, width was 99 mm, height was 99 mm. The 
setting of the block is illustrated in figure 3. It was set 
perpendicular to the wall at the center of the channel. 
Measurement was made for two places of the block. In the test 
2-1, the block was located at 399 mm (equal to length of the 
block) upstream from the head of the transducer. In the test 2-2, 
the block was located down stream of the head of the 
transducer. 
 
  ・Experimental method 

At the test section 1, discharge of pipe flow was measured 
by udFlow (Tokyo Electric Power Company). It was a flow 
meter applying the principle of UVP, and its high accuracy was 
certified in the several certification tests5. So this discharge 
was adopted as a reference discharge of this channel. Basic 
frequency of transducer for emitting ultrasonic pulse was 2 
MHz. 

At the test section 2, velocity distribution was measured by 
using an Ultrasonic Doppler Velocity Profiler (Met-flow, UVP 
DUO). Symmetrical flow to a center was assumed. 
Measurement was made on 30 lines, where y-coordimate was 5 
mm interval from 10 to 60, 10 mm interval from 60 to 220 and 
20 mm interval from 220 to 310. In the test 1 and 2, basic 
frequency of transducer was 4 MHz. Velocity resolution of 
UVP DUO was set as about 5.0 mm/s and its spatial resolution 
was set as about 3.8 mm. Mean velocity distributions on each 
measurement line were obtained as an average of 512 profiles 
(about 50 sec).  

The test 1 was performed in four cases by changing 
discharge, and called case 1, 2 ,3 and 4. The smallest discharge 
was 22 l/s (case 1), and the largest discharge was 46 l/s (case 4). 
In the test 2, discharge was same as case 3 (about 36 l/s). 

Both the test section 1 and 2, tiny bubbles in water were used 
as tracer to reflect an ultrasonic pulse. Measurements were 
performed simultaneously at the test section1 and 2, and the 
discharge at test section 2 was compared with the reference 
value at the test section 1. 
 
・Data Treatment 
UVP can obtain the velocity component along a 

measurement line, but the direction of actual velocity vector is 
unknown by a single transducer. In this study, flow in an open 
channel was assumed as 1D flow. The y- and z-components of 
velocity (vy and vz) were assumed to be nearly 0. The 
component of a measurement line of velocity was converted to 
the x-component of velocity. The x-component of velocity was 
calculated as, 

  0 sinxv v θ=                                     (a) 
where vx is the x-component of velocity, v0 is the component of 
a measurement line of velocity, θ  is an angle of the 
transducer. 
   Discharge of the open channel was then calculated by 
integrating velocity distribution about the direction of y and z. 

                                        
. 
 

The error of discharge in the open channel was defined as a 
difference from the reference discharge in the pipe, and was 
calculated as,     
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where QPipe is a discharge in the pipe, QChannel is a discharge in 
the open channel. 

RESULTS AND DISCUSSION 

・Results of test 1 
Figure 4 shows a 1D velocity profile at the center of the 

channel (y = 310) in case 2. The horizontal axis is vx, and the 
vertical axis is a distance from the head of the transducer. Each 
point shows the average vx, and each error bar shows a 
standard deviation of vx at each position. Distance equal to 0 is 
the head of the transducer and the point that vx nearly equal to 0 
(about 399 mm) is decided as the bottom surface. The more 
close to the bottom, standard deviation is larger. This is 
because departure from 1D assumption of flow might be large 
by the influence of roughness of the bottom surface near the 
bottom. If UVP is used, not only average discharge but also 
time fluctuation of discharge can be estimated by standard 
deviation of velocity. 

Next, the 2D velocity distribution in the cross section was 
measured. Figure 5 shows such velocity distributions in case 2 
and case 4. The figure is for the region from the side wall to the 
center of the channel (half of the cross section). The horizontal 
axis is y-coordinates, and the vertical axis is z-coordinates. Vx 
is expressed by gray scale. Because of friction on the solid 
surfaces, flow velocity is small near the bottom surface and the 
side wall. Velocity near the free surface is also small. The 
reason might be that the head of the transducer changed the 
flow direction. The velocity component along a measurement 
line was nearly 0 because direction of a flow became nearly 
parallel to the surface of the transducer near its head. Because 
of the time lag of measurement, current measurement methods 
using the existing flow meter could not obtain such 2D 
distributions. But if UVP is used, the 2D distribution can be 
obtained with smaller time lag, and 2D flow structure which 
has not been understood correctly until now can be clarified. 

Based on the 2D velocity distributions, flow discharge was 
estimated. Figure 6 shows the result. Horizontal axis is 
reference discharge measured by udFlow. Horizontal bars 
mean its standard deviation. The vertical axis is discharge in 
the open channel. Vertical bars mean standard deviation 
estimated by the standard deviation of velocity. As a tendency, 
discharge in the open channel agrees well with the reference 
discharge line. Since the range of standard deviation bars 
overlap with the reference discharge line, it is thought that 
discharge estimated by UVP is highly reliable. The error was 
estimated to be about 7% in case 1&2 and about 2.5% in case 
3&4. The main cause of this error might be an inaccuracy of 
the angle θ of the transducer. In this experiment, vx was 
calculated by formula (a). So when θ is small, the influence of 
the inaccuracy of an angle becomes larger. The second cause of 
the error was the unmeasured region. Because the head of the 
transducer was immersed in water, flow velocity was not 
measured in the region between the head of the transducer and 
the water surface. The length under water of transducer was 
about 5 mm. Since the water depth was about 400 mm, the 
unmeasured region was less than 2%. Therefore if the 
measurement field has deep water depth, the influence of the 
unmeasured region may be negligible. Consequently in order 
to make an error of discharge smaller, countermeasures must 
be taken. For example, making the angle of fixing equipment 
correctly, or increasing the angle θ. 

  
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
Figure 4: 1D mean velocity profile at y=310 mm (center 

of the channel) in case 2. 
 
 
 
 
 
 
 
 
 
 
 
 

 
        case 2                            case 4 
 
   Figure 5: Velocity distribution in case 2 and case 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

   
  
 Figure 6: Discharge of pipe flow and open channel 
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・Results of Test 2 
In this test, the block was placed on the bottom of the open 

channel and 3D flow was prepared. The aim of this test was to 
measure a flow that is not 1D flow by single transducer, and to 
evaluate the accuracy. 

Figure 8 shows the velocity distributions. Horizontal axis is 
y-coordinates, and the vertical axis is z-coordinates. Case 3 is 
the case measured without obstruction in the channel. In test 
2-1, vx is negative in the region behind the block. The reason 
might be the change of the direction of actual velocity vector 
by the block. The model of test 2-1 is shown in figure 7. In this 
region, it flows downward and the flow is not 1D flow. As 
shown in figure 7, vx is estimated as negative if the component 
along a measurement line of velocity is changed into vx by 
formula (a), though x-component of an actual velocity vector is 
positive. 

In test 2-2, vx is larger in the whole region compared with 
case3. In this region, it flows upward. As shown in figure 9, vx 
is estimated larger than the x-component of actual velocity 
vector if vx is calculated by formula (a). 

Thus when 2D or 3D flow is measured by a single transducer, 
vx measured by UVP is different from the x-component of 
actual velocity. 

Based on the velocity distribution so obtained, the discharge 
in the channel was estimated. The result of discharge is shown 
in figure 10. Vertical axis is a discharge in the pipe (reference 
value) and in the open channel. Discharge in the test 2-1 is 
larger than the reference value. Discharge in the test 2-2 is 
smaller than the reference value. Because vx was different from 
the actual value as discusses above, a difference of discharge is 
fairly large. The error is about 2.7 % in case 3, while they are 
about 23 % and 29 % in test 2-1 and 2-2. This result indicates 
that, in order to perform highly precise measurement using a 
single transducer, it is very important to choose a measurement 
point which could be assumed well as 1D flow. Furthermore, 
in order to measure 2D or 3D flow correctly, velocity vector 
must be measured using two or three transducers. 

CONCLUDING REMARKS 

The conclusions of this study are the 1) the error of 
discharge based on velocity distribution by UVP could be less 
than 10 % if appropriate measurement point is chosen, and 2) 
in order to perform highly precise measurement using a single 
transducer, a measurement point which could be assumed well 
as 1D flow must be chosen. 

Velocity distribution in the cross section measured by UVP 
was very useful to understand the structure of environmental 
flow. 

The results concluded, when single transducer is used, UVP 
might be very applicable for environmental flow that could be 
assumed as 1D flow.  
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ABSTRACT 
In recent years, environmental flow fields have various problems such as pollution, flood etc. Therefore, request 

of measurement of environmental flow fields has been increasing. In general currently, these flow fields are 
measured by electromagnetic current meters or propeller meters. But those techniques are time consuming and of 
high cost to obtain flow field because they are point measurement. Furthermore their accuracy is too low. The aim of 
this study is to measure velocity vector in open channel flow field above the dam model. Flow rate was estimated 
from the measured vector field. The applicability of vector measurement for environmental flow field was 
confirmed qualitatively and quantitatively. 

 

Keywords:  environmental flow field, UVP, velocity vector, open channel  
 

 
 
 
 

EXPERIMENTAL SETUP AND METHOD INTRODUCTION 

Experiments were performed with an open channel loop in 
the R&D center of Tohoku Electric Power Company, as 
illustrated in Fig.1. It consists of an overflow tank, a pipe, a 
valve, a reservoir tank, an open channel and a dam model. 
Water is circulated via the overflow tank by the pump. It flows 
through the pipe, collected in the reservoir tank, the open 
channel again, and then it overflows the dam model. The pipe 
diameter is 196 [mm]. Open channel is 4000 [mm] long, 620 
[mm] wide and 1120 [mm] high between the reservoir tank and 
the dam model. Flow rate is controlled by the valve as about 
8.5,14.0 and 21.1 [l/s]. Dam is 268 [mm] high and has two 
piers. Therefore the flow is three dimensional near the dam. 

The measurement of environmental flow fields is very 
important for river conservation works. If flow field 
information is not acceptable in their works, various problems, 
for instance, pollution and flood etc. may occur. Therefore, an 
increasing number of sectors and authorities are interested in 
the measurement of environmental flow fields. A lot of 
measurement techniques were developed for environmental 
flow. For example, Utami, T and Ueno, T. measured two 
dimensional stream line of river surface by visualization [1].  

Flow rate of rivers is one of the most important quantities by 
which water management is well performed. It has two 
essential characteristic factors; accuracy and temporal change. 
Both factors are required to be satisfactory simultaneously.   

 Essentially, environmental flow is highly three dimensional. 
However, at present, flow rate of river is measured, in most 
cases, using electromagnetic current meters or propeller meters 
which are pointwise and no flow structure is taken into account. 
This is the reason why high accuracy cannot be attained. 

 

The Ultrasonic Velocity Profiler (UVP)  [2] has been used 
in various environmental flow configurations. V. Bares and V. 
Boza carried out flow mapping at river model [3]. D. S. 
Hersberger measured three dimensional flow field in a 90 
degrees bend of open channel [4].  

In this study, we attempted to make a vector measurement as 
a basis for flow measurement using an open channel loop with 
dam model, which is a model of river flow. Flow rate was 
estimated using the obtained vector field. As a result, 
applicability of UVP for environmental flow measurement was 
evaluated in quality and quantity. 

 
Fig.1 Open cannel loop with dam model 
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In this study, flow rate was measured by UdFlow in pipe 

flow (TEST SECTION 1) and by UVP-DUO at overflow 
beyond the dam (TEST SECTION 2). 

 

 
TEST SECTION 1 UdFlow was developed by Tokyo 

Electric Power Company for measurement of flow rate in a 
pipe. Its uncertainty has been approved to be less than 1% [5]. 
Therefore, the measured flow rate by TEST SECTION 1 was 
used to be a reference value to compare with the results of 
TEST SECTION 2. A transducer was fixed on the pipe at 8 
degrees to vertical line on outside surface. The basic frequency 
was 2 [MHz]. Entrained bubble was used for reflecting 
particles. Sampling time was 300 [msec] and the number of 
profiles recorded was 1024 (Measuring time was about 5 
minute). Their profiles were averaged at each point for 
calculating flow rate. (a) ground plane 

TEST SECTION 2 UVP-DUO (Met-Flow, Lausanne) 
can perform multiple line measurement for vector velocity 
mapping on flow field. Overflow measurement system is 
shown in Fig.2. (a) is a ground plan and (b) is a front view. The 
coordinate is set that zero point is an intersection point on the 
dam and the side wall, x direction is a flow direction, y 
direction is a spanwise direction and z direction is a vertical 
direction. Two transducers (No.1 and No.2) were located in the 
open channel for measurement of x and z velocity components 
(vx and vz). Transducer No.3 was set outside of the side wall to 
measure y component (vy). The basic frequency was 2 [MHz]. 
Transducer No.1 could be rotated in x-z plane for stepping 
motor. Transducer No.2 was fixed on a shaft. No.1 and 2 were 
set to parallel and could be traversed to y direction by a sliding 
motor. The unit was controlled automatically by computer. 
Transducer No.3 was moved manually on the side wall. 

 

 
(b) front view 

For most simple measurement of flow field using UVP, a 
single transducer (Transducer No.1) was used. It was inclined 
at 29.8 degrees to vertical line. Data were collected at twelve 
lines to y direction between y=0 to 320 [mm]. However lines 
were avoided near the pier between y=110 to 190 [mm]. 
Furthermore flow was assumed to be symmetric to the center 
of width. A cross section of measurement field is shown as 
Fig.3. Sampling time was 150 [msec] for one profile. The 
number of profiles collected was 512. Their velocity 
distributions were converted to vx and averaged. Flow rate was 
estimated using the average profile. 

 
Fig.2 Overflow measurement system 

 
 

 
(a) (b) 
 Vector measurement of flow field was carried out using 

three transducers (Transducer No.1, No.2 and No.3). Vector is 
calculated at a cross point of three profiles. The configuration 
of vector measurement using two transducers is illustrated in 
Fig.4. Transducer A obtains v1 at a cross point of measurement 
lines. The vtrue appears on the Line 1, similarly, appears on the 
Line 2 by obtained v2. Therefore the vtrue is estimated as 2D 
vector from the cross point of measurement lines to the cross 
point of Line 1 and Line 2. Moreover using another transducer, 
vector is taken as three components. 

Fig.3 Cross section of measurement field in a single transducer 
measurement, (a) is view of x-z plane, (b) is view of y-z plane  
 

 

Data were collected each cross point that was set the fifteen 
lines to y direction between y=0 to 320 [mm] at a cross section 
of y=-50 [mm] (above Transducer No.2) and the interval of 10 
[mm] from z=-10 [mm] to z direction. Sampling time was 450 
[msec] for a profile. The number of profiles collected was 512. 
Vector was calculated and averaged at each point. Flow rate 
was estimated using the average profile. 
 
RESULTS AND DISCUSSION 

Flow rate was set for three cases (Case1, 2 and 3). These 
were measured at TEST SECTION 1 and 2. 

Fig.4 Velocity vector at cross point 
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Results of TEST SECTION 1 
 

Results are summarized in Table.1. Reynolds number for all 
cases is larger than 104 and in turbulent flow in the pipe. 

Results of TEST SECTION 2 

A measured velocity distribution using Transducer No.1 is 
shown in Fig.5 (Case3). The horizontal axis is distance from (a) in Case1 (Qpipe is 8.5 [l/s]) 
transducer and the vertical axis is velocity. Error bar is 
standard deviation of averaging. The transducer was located at 
y=310 [mm] with inclination angle of 21.3 degrees. A free 
surface must appear on a velocity distribution because it was 
measured from inside of water. We took a following way to 
determine the location of free surface. Velocity increases from 
the transducer to near the dam and then it decreases. Large 
fluctuation appears at about 160[mm]. It was checked that this 
point corresponds to the free surface by a scale. In this study, 

 
(b) in Case2 (Qpipe is 14.0 [l/s]) 
the location of free surface was determined by a large 
fluctuation on the average velocity distribution. 

 

The velocity distribution by a single transducer 
measurement is shown in Fig.6 (a), (b) and (c) for Case1, 
Case2 and Case3 respectively. The horizontal and vertical axes 
are y and z. The shaded rectangular shows area of no data near 
the pier. Magnitude of velocity is shown by colors.  

In Case1, the velocity is lower near the pier and free surface 
and higher near the dam. Furthermore the depth of water is out 

(c) in Case3 (Qpipe is 21.1 [l/s]) 
of the horizontal. Other cases also indicate a similar tendency. 
Usual measurement techniques assume that the depth of water 
is fixed and a flow is steady for y direction. But in the actual 
conditions, this assumption must not be valid. Therefore it is 
necessary for accurate environmental flow measurement to 
obtain a detailed velocity distribution. The present result 
indicates that UVP is a more powerful measurement method 
than others. 

 
Fig.6 Velocity distribution of flow field in a single transducer 

measurement 
 

 

Velocity vector as a result of the three transducers 
measurement in case3 is shown in Fig.7 (a), (b) and (c). (a) is 
the horizontal plan, (b) is the side view and (c) is the front view. 
Arrows and colors give velocity vectors. It shows that the flow 
diverges as escaping from the pier and the dam. Comparatively 
fast flow appears near the free surface. This is different from 
the results of a single transducer measurement. In a single 
transducer measurement, a vx calculated is given as an arrow of 
broken line in Fig.4. Therefore it occurred that the vx is 
different from the vtrue. (a) 

 

 

 
Table.1 Flow rate in a pipe 

 Case1 Case2 Case3 
Qpipe[l/s] 8.5 14.0 21.1 

Standard deviation [l/s] 1.0 1.1 1.6 
Re 4.80*104 7.62*104 1.08*105 

(b)  
 

 

 

 
(c) 

 
Fig.7 Velocity vector on a cross section of flow field in the 
three transducers measurement, (a) is the horizontal plan, (b) is 
the side view and (c) is the front view 

 
Fig.5 Velocity distribution using Transducer No.1 
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CONCLUDING REMARKS 

 

In this study, velocity vector was measured in an open 
channel flow field near the dam model. Flow rate was 
estimated using the vector flow fields. Furthermore, 
applicability for environmental flow measurement was 
evaluated at qualitatively and quantitatively. case3 

It is concluded that UVP is powerful technique for 
quantitative or qualitative measurement of environmental flow. 
When flow cannot be assumed as a one dimensional flow, 
measurement has to be made for velocity vector by multiple 
transducers.  case2 
 case1 
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ABSTRACT 
 
The main quality characteristics of multiphase liquid food systems and various non-food industrial products 

depend on microstructure and rheological properties which mirror the dynamic properties of microstructure. If the 
development of rheology and microstructure during different stages of production processes can be monitored, 
acess will be given to tailormake products with well defined quality characteristics by rheology-microstructure 
based control of processing parameters. As In-line rheometers do not exist for non-transparent concentrated 
suspensions, conventionally off-line rheometers, which do not always represent the process flow conditions, are 
often used to determine the rheological properties. In a similar often also non-representative way microstructure is 
measured off-line.  

Consequently, it has been proposed to (i) develop a Compact In-line Rheometer based on pulsed Ultrasound 
Velocity Profile (UVP) and Pressure Difference (PD) measurement, which can monitor or control the 
rheology/microstructure related quality parameters at multiple locations in a process under transient and 
steady-state conditions, to (ii) investigate the In-line rheology of model and real suspension based food systems in 
an industrial process using the Compact UVP-PD in-line Rheometer, and (iii) apply in addition coupled ultrasound 
in-line attenuation measurements to get information on the system microstructure (e.g. particle size distribution) for 
the investigated suspension systems.  

The process control concept, the UVP-PD in-line rheometer, the Ultrasound spectroscopy principle and results 
from laboratory and industrial measurements are presented and discussed. 
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ABSTRACT 

In this work characterization of model and industrial suspensions is done using ultrasound technique. Experimental 
investigation of the acoustic properties of the suspensions helps to explain suspension microstructure and its flow 
behavior. The model fluids consist of corn starch particles suspended in water or oil based systems. Cocoa butter 
crystalline fat suspensions are selected as industrial suspensions. They are produced in a shear crystallization process 
with defined solid content. The solid phase of the fat suspensions is determined using Nuclear Magnetic Resonance 
technique. The sound velocity is found to be a linear function of the solid cocoa butter content and temperature. A 
software was developed to integrate on-line measurement of flow profiles, pressure difference, temperature and acoustic 
properties such as velocity of sound.  

Beside in-line sound velocity measurements, the shear rate dependent viscosity of suspensions flowing through a pipe 
is determined by means of pulsed ultrasound based anemometry (UVP: Ultrasound Velocity Profiler) and pressure drop 
(PD) methods. The measured time delay and frequency of the ultrasound reflected by particles flowing along the axis of 
the ultrasound beam are used to obtain the velocity profile in the flowing suspension. The rheological models are applied 
for characterization of the flow velocity profiles determined using the in-line UVP-PD technique. The model parameters 
can be compared with those obtained from off-line rotational rheometers. 

Keywords: Flow profiling, in-line rheometry, suspensions, ultrasound, velocity of sound 

 

INTRODUCTION 

A novel method for in-line rheometry involving the 
measurement of an Ultrasound based Velocity Profile (UVP) 
using the Met-Flow UVP Monitor [1] and Pressure Difference 
(PD) in a pipe section was developed and tested at our 
laboratory by Ouriev and Windhab [2,6] for the flow of a wide 
variety of model and industrial suspensions. Industrial 
suspension systems such as chocolate, fat, shampoo and 
cellulose fibers in water suspensions were characterized by the 
in-line UVP-PD method. The in-line rheological results were 
compared with those measured by conventional off-line 
rheometers [2-9]. 

The feasibility study of the shear crystallization process and 
its influence on cocoa butter crystallization is currently under 
investigation. The result of this research will be used 
straightforward in the industrial chocolate production. The 
shear crystallization process developed at our laboratory [10] 
strongly influences the solid fat content of the cocoa butter 
suspension. It can be increased from 0% (liquid cocoa butter at 
45°C) to almost 30%. Therefore the acoustic properties 
(attenuation, sound velocity, signal distortion due to multiple 
scattering) vary drastically. Beside the acoustic properties, the 
process parameters of the crystallization influence the 
rheology of the fat suspension and consequently change shape 
of the flow velocity profiles.  

MATERIALS AND METHODS 

Ultrasound transducer adapter cells 

For acoustic investigations an in-line double wall steel 
adapter was constructed (figure 1). The suspension flows 
inside a 25 mm diameter tube. The adapter construction allows 
the installation of two transducers opposite to each other and 
can be also used for static acoustic measurements. In this case 
the adapter tube is closed from one side and a small sample 
(50ml) is sufficient for the acoustic measurement. Based on 
this design, a PVC cell for two transducers with a Doppler 
angle of 20° was developed. This cell allows a simultaneous 
measurement of the flow velocity profile and monitoring of the 
transmitted pulse (thus velocity of sound calculated from the 
time of flight of the pulse and the transducer distance, and 
signal quality). Pressure and temperature dependencies of the 
sound velocity in water were used for calibration purpose. 
Measuring the sound velocity at different temperatures gives 
precise information about the actual distance between the two 
opposite transducers.  Such distance calibration was applied to 
both steel and PVC flow adapters. The transmitting and 
receiving ultrasound transducers have a 4 MHz base frequency 
and are equipped with a 5mm active diameter acoustic element. 
One of them is connected to the Ultrasound Velocity Profile 
(UVP) Monitor and the other to the oscilloscope.  
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Figure 1: Measurement cells: double wall stainless steel 

adapter (left) in the configuration for a static measurement and 
PVC adapter with 20° Doppler angle (right). The transmitting 
transducer is used for velocity profile and echo amplitude 
measurement while the second transducer is used as receiver to 
measure the velocity of sound and other acoustic properties. 

Data acquisition and control software 

The current measurement setup (figure 2) consists of the 
UVP instrument (Met-Flow UVP-DUO), oscilloscope 
(Yokogawa DL 1520, 200 MS/s, 20 GS/s in repetitive mode, 
150 MHz), thermocouples and pressure sensors connected to a 
National Instruments “FieldPoint” data acquisition system and 
a thermostat for the temperature control of the static 
measurements in the flow adapter.  All the devices are 
controlled from a National Instruments LabView application. 
The communication with the UVP-DUO is implemented with 
an ActiveX library provided by MetFlow SA. As discussed 
earlier, the velocity of sound in cocoa butter depends on the 
temperature and the crystal content. Therefore the UVP 
parameters are set-up in time instead of distance units. For the 
display of the current state of the flow profile (average and 
standard deviation), a variable size first-in-first-out buffer was 
implemented. The waveform data of the transmitted pulse from 
the oscilloscope are used to calculate the instantaneous 
velocity of sound. This parameter is automatically applied to 
calculate the distances along the velocity profile and the 
volume flow rate. The amplitude and power spectra are used 
for characterization of the received signal quality.  

 
Figure 2: Scheme of the data acquisition and control 

hardware. 

The temperature of a thermostat is controllable from 
LabView. This allows the automated measurement of the 
dependency of acoustic properties of liquids by using the 
double wall cell and driving a temperature ramp over several 
hours. Figure 3 shows an example of such a measurement.  

 
Figure 3: Velocity of sound and amplitude of the received 

signal plotted as a function of the fluid temperature. 

The whole LabView application is implemented as a 
flexible modular system. The single modules abstracting the 
peripheral hardware,  run in separate threads and can be 
activated according the requirements of the measurement. A 
central part of the application provides the graphical user 
interface for the adjustment of the parameters and the real time 
display of the measurement data, data logging and the 
infrastructure for the communication amongst the modules (e.g. 
the velocity of sound from the oscilloscope that is needed by 
the UVP module).  

 Cocoa butter fat suspension 

Cocoa butter used for chocolate production is a mixture of 
triglycerides with a polymorphic crystallization behavior that 
has a melting range between 33 and 37°C. During the shear 
crystallization developed at our laboratory the crystal content 
is increased to up to 30%. The processing of cocoa butter 
results in the growth of crystals creating a needle like 
microstructure, which builds up to agglomerates. As the cocoa 
butter solidifies at room temperature, it is necessary to 
implement a temperature control of all the measurement 
equipment in direct contact with the cocoa butter.  

 Flow loop and crystallization procedure 

The temperature controlled flow loop shown in figure 4, 
discussed in detail elsewhere [10], consists of a stirred cocoa 
butter feed tank, shear crystallizer and double wall steel 
transducer adapter  cell.  

 
Figure 4: Crystallizer flow loop and instrumentation. 
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Prior to the crystallization process, cocoa butter was melted 

in the feed tank at 45°C. The molten suspension was pumped 
through the shear crystallizer flow loop for at least one hour. 
This was necessary to ensure that all cocoa butter in the flow 
loop was melted and a steady state was reached. In order to   
start the crystallization, the temperature of the shear 
crystallizer cooling water was set to 15°C and the shear 
crystallizer was switched on. The feed tank, pipes, and the 
ultrasound cell were all kept at 32.5°C in order to avoid 
solidification of cocoa butter.  

The temperature, velocity of sound and signal amplitude of 
the ultrasound pulse were recorded as a function of time. An 
off-line Nuclear Magnetic Resonance (NMR) instrument was 
used to determine the corresponding solid fat content (SFC) of 
the cocoa butter suspension, which is the concentration of the 
cocoa butter crystals formed by drawing a sample at the outlet 
of the shear crystallizer.  

 Model suspensions 

For a better understanding of the influence of suspension 
properties (e.g. kind of the continuous phase, concentration 
and microstructure of the disperse phase) on acoustic 
properties and finally the quality of the profile measurements, 
the model suspensions were used. In contrast, such acoustic 
investigations would be difficult due to the complexity of the 
cocoa butter. The temperature dependency of the kinetics of 
the rheological and micro-structural parameters makes it 
difficult to compare in-line and off-line measurements. 

 In a first series of experiments three model suspensions of 
corn starch particles (size range between 5 to 35 µm) dispersed 
in (i) sucrose solution with different sugar concentrations, (ii) 
silicon oil with different shear viscosities and (iii) rapeseed oil 
were considered. Concentration of disperse phase was varied 
between 0 and 40%w. 

RESULTS AND DISCUSSION 

Effect of solid fat content on sound velocity in cocoa butter 

During crystallization, the cocoa butter temperature was 
kept constant over a wide range of crystal content. Therefore it 
was possible to measure the sound velocity c as a function of 
the solid fat content (SFC). In figure 5 this measured 
dependency (symbols) is represented by the straight line: c = 
1349.7+4.862 SFC with a correlation coefficient of 0.993. It 
can be seen that 1% increase in SFC results in an increase of 
sound velocity by 5 m/s. The temperature dependency of the 
velocity of sound in the liquid cocoa butter is 3.5 m/s per °C.  

The velocity of sound in a suspension of particles or   
emulsion of droplets depends on the mean density and mean 
compressibility and is given by the Urick equation [11]: 

c = 1
κρ

,   κ = φ jκ j
j
∑ ,  ρ = φ jκ j

j
∑  (1) 

where c: velocity of sound, κ : adiabatic compressibility, 
ρ : density, φ : volume fraction of the dispersed phase. 

For a two phase system (e.g. solid cocoa butter crystals 
dispersed in liquid cocoa butter) one gets 
κ = φκ s + (1−φ)κ l ,  ρ = φρs + (1−φ)ρl  (2) 
where subscript l: liquid/continuous phase; subscript s: 

solid/dispersed phase. 

According to equations (1) and (2) it is possible to 
determine the composition of a suspension when the velocity 
of sound c, the adiabatic compressibility κ  and the density ρ  
of the solid and liquid phases are known. The densities of 
liquid and solid cocoa butter are known. In the present case, the 
velocity of sound in solid coca butter had to be extrapolated. 
Compressibility of the liquid and solid cocoa butter can be also 
calculated. The velocity of sound from equation (1) is nearly 
linear for the range between 0% and 30% SFC. This 
corresponds qualitatively to the measured data shown in figure 
5.  

 
Figure 5: Velocity of sound as a function of the solid fat 

content (both quantities originally measured as functions of the 
time).  

Acoustic properties of oil and water based model 
suspensions 

Table 1 gives an example of the basic acoustic properties of 
suspensions degassed under vacuum with the same 
concentration of corn starch as dispersed phase. The signal 
transmitted through silicon oil based suspension is visibly 
distorted. Even for a 4 cycle pulse the amplitudes of the trough 
and crest are smaller in the center probably due to signal 
deletion caused by multiple scattering. 

 
Table 1: Acoustic properties of model suspensions (S) of 

10%w corn starch and their continuous phases (C) at 27 °C. 
 Sound velocity, c Ampl., a Freq. Peak, f 
 C S C S C S 
 m/s mV MHz 
Sucrose 
solution 
(60%w) 

1798.5 1876.1 4653 546 4.0 4.0

Rapeseed oil 1450.0 1479.0 3980 214 4.0 4.0
Silicon oil 
AK5000 1009.3 1055.5 2950 166 4.0 3.5

CONCLUSIONS 

The sound velocity in cocoa butter is found to be a linear 
function of solid fat content and temperature. The attenuation 
of sound in model suspensions is found to be affected by the 
continuous phase - particle interface and whether the 
continuous phase is hydrophilic or hydrophobic. For instance, 
rapeseed and silicon oils when used as continuous phases 
contributed to the significant attenuation compared with that 

— 67 —



 
for sucrose solutions. The UVPPD technique developed at our 
laboratory [2,6] can be used for in-line characterization and 
rheometry of concentrated suspensions. The present work 
involved   the further development of a new software which 
integrated the simultaneous in-line measurement of flow 
velocity profiles, pressure difference, temperature and acoustic 
properties such as velocity of sound. 
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1. INTRODUCTION 

Pulp suspensions are very complex opaque aqueous 
systems which contain regions of relatively high fibre 
concentration called flocs. These tend to form a continuous 
network structure throughout the suspension above a certain 
critical concentration and shear rate. The chemical and 
physical complexity has led to the fact that the relationship 
between the applied stress and microstructure (rheology) 
during flow remains poorly understood, despite extensive 
study for nearly half a century, according to Li et al. [11].  

Pulp suspensions are subjected to strong shear forces 
during processing and detailed knowledge about the flow 
properties are in fact essential for controlling a modern pulp 
process. 

Competition in the paper pulp industry has increased over 
the past years. The annual turnover currently surpasses many 
other industrial branches in countries such as Canada and 
Sweden. The ability to develop innovative and new 
competitive products also largely depends on the ability to 
understand and control the manufacturing process. Since the 
velocity profile contain the shear rate information, it is thus of 
great importance if it can be measured. Nevertheless, very 
little reliable data on velocity profiles in concentrated pulp 
suspensions during pipe flow can be found in literature. 

Until recently, it has been difficult to determine 
instantaneous radial velocity profiles under actual process 
conditions. Various flow visualization, as well as 
sophisticated particle tracking/imaging velocimetry 
techniques has been continuously improved in the academic 
field. However, most of them still require extensive 
experimental know-how; require rather time consuming data 
acquisition; are essentially limited to transparent fluids and are 
not applicable to pulp fibre suspensions at concentrations 
outside the dilute range. 

 

The optical point-wise Laser Doppler Anemometry (LDA) 
technique [5], the Nuclear Magnetic Resonance Imaging 
(NMRI) method based on the paramagnetic properties of the 
nuclei [4], and the Ultrasonic Velocity Profiling (UVP) 
technique, which employs the pulsed Doppler echo method, 
[24-26], constitute some of the most promising techniques for 
pulp suspensions. 

 
NMRI has been used for measuring time-averaged velocity 

profiles of dilute pulp suspensions, [11-14], in up to 0.86 
%(w/w) fibre concentration. Some drawbacks of the method 
used were, compared to UVP and LDA, expensive equipment 
and long observation times. More differences between these 
three techniques are discussed e.g. in [3]. 

Arola et al. [2], managed to investigate velocity profiles of 
an aqueous 0.5 %(w/w) pulp suspension using relatively short 
observation times in the order of milliseconds. Seymour et al. 
[20] performed measurements of time-averaged velocity 
profiles in the steady flow of more concentrated 3 %(w/w) 
pulp suspensions using NMRI. At present, NMRI is not likely 
going to be implemented in industrial applications. 

 
LDA was used by [6], to investigate air containing low 

concentrations of pulp in pipe flow. Kerekes et al. [10], 
studied water-pulp suspensions of 0.5 %. Steen, [21-22], later 
used transparent model pulp suspensions in order to study 
higher concentrations, 1.2 and 12 grams of fibres per liter in 
pipe flow. The same model system were later used by both [1] 
and [17-18] where measurement were also performed in a 
stirred tank using concentrations ranging from 3-20 %(w/w). 

Few studies with comparative LDA and UVP results can be 
found in the literature. Some examples are [27], [28], [33], 
[19] and [16].  

A COMPARATIVE STUDY BETWEEN UVP AND LDA TECHNIQUES FOR 
HIGHLY CONCENTRATED PULP SUSPENSIONS IN PIPE FLOW  
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ABSTRACT 

UVP and LDA techniques have been used simultaneously to perform velocity profile measurements in highly 
concentrated pulp fibre suspensions. Experiments were carried out non-invasively through a 5 mm thick Polymethyl 
methacrylate, (PMMA), pipe measurement section in an experimental pipe flow loop. Pulp suspension 
concentrations ranging from 0.74 %(w/w)  up to 7.8 %(w/w) were analyzed at four different volumetric flow rates. 
Instantaneous radial velocity profiles showing pronounced plug-flow behavior and sharp velocity gradients close to 
the pipe wall were obtained using the UVP technique. Results show that both techniques can be used with good 
agreement and that accurate velocities thus were obtained in much more concentrated pulp fibre suspensions than 
what has been reported so far in the literature. Results further show that the LDA technique can work even in strongly 
opaque systems such as a 7.8 %(w/w)  pulp suspension with a sustained penetration depth of up to several 
millimeters, but with loss of velocity gradient information at high concentrations.  

 
Keywords:  UVP, LDA, velocity profile, pulp, fibre, non-invasive, plug-flow 
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The UVP technique has been extensively used over the past 

few years to obtain instantaneous velocity profiles, but very 
few studies on pulp suspensions can be found in the literature. 
Hirsimäki, [7], used an early ultrasonic profiling technique to 
obtain radial velocity profiles in pulp suspensions of 
concentrations up to 1 %(w/w). Karema et al. [8-9], 
characterized velocity fluctuations and studied paper 
formation by fluidization and reflocculation in wood pulp 
suspensions of concentrations up to 1 %(w/w) using UVP. 

Wiklund et al. [30-31], obtained instantaneous velocity 
profiles in a steady laminar flow of 0.5-3 %(w/w) and later up 
to 7.8 %(w/w) paper pulp suspensions using UVP. 
Rheological data were obtained using non-linear regression 
analysis and the integrated form of the Herschel-Bulkley 
model and pressure drop data. 

The aim of the present study was to perform velocity profile 
measurements non-invasively using UVP and LDA in highly 
concentrated, opaque aqueous pulp suspensions in pipe flow. 
A further aim was to evaluate the use of the techniques in this 
type of suspension through comparison.  
 

2. MATERIALS AND EXPERIMENTAL METHODS  

2.1   Materials 
 
Fully bleached kraft pulp samples were provided on two 

different occasions by Värö Bruk (mill), Sweden, but the 
composition was the same; 30-35 %(w/w) pine and 65-70 
%(w/w) spruce. The pulp suspension taken from the mill had a 
concentration of about 18 %(w/w) of fibres. Fibre length 
measurements showed that the fibres were not milled during 
the pipe flow experiments and that the length-weighted mean 
fibre-length was about 2.4 mm. The tests were performed on 
two different occasions, with 0.61, 1.0, 1.9, 2.4 and 3.8 
%(w/w) in fibre concentration during the first sequence and 
0.74, 2.5, 4.4, 6.0 and 7.8 %(w/w) during the second one. 
During the first test sequence the concentration was changed 
by adding more of the concentrated 18 %(w/w) pulp. In the 
latter test sequence with higher concentrations, the 
concentrated pulp was diluted to 7.8 %(w/w) and lower 
concentrations in smaller vessels by adding water when the 
concentration was changed before being placed in the tank. 

2.2  Experimental flow loop and Set-up  

The experimental set-up and procedure is described in 
detail in [31]. However, relevant details are given here. The 
experimental flow loop consisted of a closed circulation 
system containing a tank, a pulp screw pump, stainless steel 
pipes, a contraction and finally a smaller pipe made of 
Polymethyl methacrylate (PMMA), which constituted the 
measurement section, as shown in Figures 1 and 2. The open 
tank was placed on top of the pump, thus supplying the pump 
continuously with fluid from the outlet at the bottom.  

The PMMA pipe section had an inner diameter of 40 mm, a 
wall thickness of 5 mm and a total length of 50 cm. the UVP 
transducer was mounted at an inclination angle above the pipe 
inside the surrounding box fluid. The box served two 
purposes; first, the water-filled box formed an acoustic 
coupling between the wall and the UVP transducer, thus 
increasing the transmitted acoustic energy. Second, it made 
the laser beams enter the water media from the air or water 
through a plane surface, not a curved one and reflections were 
thus decreased. 

 
The ultrasonic and laser beams were arranged so that the 

intersection between the beams was as close as possible to the 
centre of the pipe. Temperatures in the surrounding box and 
the test section were kept as equal as possible, 22-24ºC, in 
order to minimize differences in sound velocity and thus the 
acoustic impedance between the box fluid and the continuous 
phase in the suspensions studied.  

UVP/LDA velocity measurements were performed, 70 mm 
from the tank inlet (i.e. upper left side of the PMMA pipe test 
section in figure 1). The pressure drop over the measurement 
section was measured continuously and the pressure gauges 
used ranges from atmospheric pressure up to 4 bar 
overpressure with an error of 0.5 % of the higher limit. 

2.3  UVP and LDA equipment and Parameters 

The UVP-DUO-MX Monitor with Multiplexer and 
software, version 3.0 from Met-Flow SA, Switzerland was 
used in this study. The UVP instrument was connected to a 
master PC for data acquisition, analysis and post-processing 
of raw data. Emitted ultrasonic pulses and the received echo 
were continuously monitored using a digital oscilloscope, 
Agilent Technologies, model 54624A, USA.  

The Laser Doppler Anemometry instrument utilized in 
these experiments was a DANTEC FiberFlow Series 60X, 
Denmark, connected to two Burst Spectrum Analysers (BSA), 
i.e. a DANTEC 57N10, which interpret the Doppler signal to 
velocities. The equipment was controlled by DANTEC’s 
software Burst Ware, version 3.0. The laser connected to this 
device was a Spectra-Physics laser, model 2060A-64, 
Germany.  

 
Figure 1. Schematic of the experimental flow loop. 

 

 
Figure 2. Schematic of the measurement section, ultrasound 
transducer and LDA probe configuration. 
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Table 1: Experimental UVP and LDA parameters 
Ultrasound frequency 2 MHz 
Number of cycles per pulse 2 
Active element diameter  10 mm 
Pulse repetitions per profile 90 
Number of recorded channels/profiles 110 -128  / 1024 
Number of recorded profiles/flow rate 1024 
Sound velocity  1485-1531 m/s 
Doppler angle in suspensions 68.5-73°  
Spatial resolution in suspensions 0.74 - 0.77 mm  
Time resolution (single profile) 24-54 ms/profile 
Pulse repetition rate 2.2 KHz - 6.2 KHz 
Velocity resolution 10-24 mm/s 
LDA measurement volume in 
suspension (radial direction) 950 �m 

Number of LDA repetitions per point  5000 
 

2.4  Experimental procedure 

The tank was filled with the suspension, agitated mildly, the 
pump was then set to the desired flow rate and the flow was 
allowed to attain the steady-state. Four volumetric flow rates 
were investigated; 0.87, 1.45, 2.04 and 2.63 L/s. The test 
sequences started with the lowest flow rate and were then 
increased during the experiments at each concentration. UVP 
and LDA data acquisition were triggered simultaneously but 
UVP data acquisition was much faster. The wall positions and 
thus the first and last UVP channel number located inside the 
test pipe section were determined from a procedure that 
involves monitoring the echo amplitude, velocity gradient and 
several statistical steps in each recorded channel over time. 

 A few correction procedures of the effect on measurement 
volumes at the wall-liquid interface have recently been 
suggested by [32], [15] and [23] but they are still under 
debate. This effect and the effect of the curvature of the tube 
wall were therefore neglected in this study, the latter in 
accordance with mentioned papers.  

In order to reduce the signal noise induced by e.g. 
mechanical vibrations, a statistical procedure was employed in 
which fluctuations larger than two standard deviations from 
the median value in each channel were removed. Arithmetic 
time-averaged velocity profiles were then calculated from the 
remaining radial velocity profiles.  

 

3. RESULTS AND DISCUSSION 

The applicability and limitations of LDA technique for 
investigated pulp suspensions is discussed. The velocity 
profiles obtained using UVP and LDA as well as key findings 
from using the techniques are then presented, compared and 
discussed for the investigated flow rates and concentrations.  

3.1  LDA applicability in pulp suspensions 

The LDA technique requires a transparent system, but 
correct measurements are still performed some distance into 
the apparently opaque pulp suspensions. In the concentrations 
presented in the figures, a maximum penetration depth of up to 
7 mm was achieved. However, in a suspension as high as 7.8 
%(w/w) the penetration depth was reduced to 3-4 mm, as 
shown in Figure 6. The most reasonable explanation for LDA 
to work in this system is that even though these pulp 
suspensions, at first sight, look more or less opaque, they 

contain only a couple percent of fibres by volume, and the rest 
is water. This means that the laser beams can reach some 
millimeters into the suspension by means of passing between 
the fibres. What happens is somewhat similar to ordinary LDA 
measurements of water when the water is seeded with particles 
that have a rather low concentration. If the seed particle 
concentration is increased, there will be a loss in penetration 
depth, but the performed measurements will still be correct.  

3.2  General comparative results for the pulp suspensions 

When comparing the UVP and LDA results over the range 
of investigated concentrations, it was found that the absolute 
values of the velocities agree well. This is clearly shown in 
Figures 3-6. The velocity gradient information in the recorded 
velocity profiles on the UVP transducer side were clearly 
visible for all investigated flow rates, but completely lost in 
the LDA measurements for all but the lowest concentrations. It 
was also found that all investigated suspensions exhibited 
various degrees of plug flow behavior and as the flow rate 
decreased, the plug-flow region increased in size, that is, 
larger plug radius R0 for all but the highest concentration 7.8 
%(w/w). A decrease in the plug-flow region was also found as 
the concentration decreased.  

Since the obtained velocities from two different 
independent techniques (UVP and LDA)agrees very well with 
those calculated from volumetric flow rate measurements, the 
obtained results implies that both techniques give, indeed, 
accurate velocity results for the investigated pulp suspensions.  

However, the results also show, e.g. in Figures 4-6, a 
decrease in penetration depth for LDA and the effect of 
various artifacts (discussed below) for the UVP method.  

3.3  Flow behavior at < 2 %(w/w) pulp concentrations 

Good agreement for the two techniques in the shape of the 
velocity gradient close to the far end wall from the UVP 
transducer side was found for low concentrations and high 
flow rates in this study, as shown in Figure 3.  
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Figure 3. Velocity profile data for 1.9 %(w/w) pulp 
suspension for four volumetric flow rates. UVP (filled circles) 
and LDA (open triangles). 
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However, the velocity gradient information in the recorded 
velocity profiles on the UVP transducer side were quite 
distorted for the lowest flow rates, but less for the two highest 
flow rates. This effect was difficult to account for but 
mechanical vibrations were observed in this experiment which 
may have pushed the UVP transducer slightly from its optimal 
position in such way that the first points close to the wall were 
actually recorded within the near field zone. This effect may 
also have been caused by wall effects, but no such phenomena 
were observed for other concentrations and flow rates.  

 

3.4  Flow behavior at 4-6 %(w/w) pulp concentrations 

When comparing the UVP and LDA results over the 
intermediate concentration range, it was found that the 
absolute values of the velocities agree very well. This is 
clearly shown in Figures 4-5. The velocity gradient 
information in the recorded velocity profiles on the UVP 
transducer side were clearly visible for all investigated flow 
rates, but completely lost in the LDA measurements.  
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Figure 4. Velocity profile data for 4.4 %(w/w) pulp 
suspension for four volumetric flow rates. UVP (filled 
circles) and LDA (open triangles) 
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Figure 5. Velocity profile data for 6.01 %(w/w) pulp 
suspension for three volumetric flow rates. UVP (filled 
circles) and LDA (open triangles) 
 
 
It was also found that investigated suspensions in this 

concentration range exhibited pronounced plug flow behavior. 
As the flow rate decreased, the plug-flow region increased in 
size, that is, larger plug radius R0. 

In addition, the results also showed the effect of various 
artifacts for the UVP method which resulted e.g. in a visible 
constant plug behavior of the recorded velocity profile, in 
which the velocity gradient information is lost towards the far 
end wall from the transducer side.  

 

3.5  Flow behavior at >7.8 %(w/w) pulp concentrations 

Pronounced plug flow behavior was also found for the 
highest pulp concentration of 7.8 %(w/w), as shown in    
Figure 6. It is interesting to note that the plug-flow region 
seemed to decrease in size (smaller plug radius, R0) as the flow 
rate decreased for this concentration, which is in contrast to 
lower concentrations.  

Furthermore, the local drop in velocity for both volumetric 
flow rates which is indicated by an arrow in Figure 6, which 
corresponds to the highest concentration, is also believed to be 
a UVP measurement artifact. This artifact was most likely 
caused by, multiple reflections from e.g. the pipe walls and not 
caused by a decrease in penetration depth due to attenuation of 
ultrasound.  
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Figure 6. Velocity profile data for 7.81 %(w/w) pulp 
suspension for two volumetric flow rates. UVP (filled 
circles) and LDA (open triangles). 
 
Although the velocity gradient information in the recorded 

velocity profiles on the far UVP transducer side was visible 
for both investigated flow rates, it was also influenced by wall 
effects and ultrasound attenuation. Therefore, especially in 
Figure 6, it would be more accurate to compare the LDA 
measurements with the UVP results from the opposite side of 
the pipe, i.e. close to the UVP transducer. Doing this, good 
agreements were found even at the highest concentration in 
absolute velocities. 
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3.6  Time-averaging effects on UVP velocity profiles  

Figure 7, which corresponds to a pulp concentration of 6.0 
%(w/w), clearly demonstrates that it was possible to obtain a 
single instantaneous and complete velocity profile across the 
pipe test section with high accuracy using the UVP technique 
for only a couple of milliseconds.  

Results in Figure 7 indicate that an arithmetic average of 
10 sequential profiles (open circles) describes the plug flow 
behavior in great detail and that only slightly better profiles 
are obtained if more ~1000 profiles (filled circles) are used in 
arithmetic average calculations.  The trend was the same for 
all suspensions. 
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Figure 7. Arithmetic mean velocity profile data over ~1000 
(filled circles) and 10 sequential (open circles) UVP 
profiles for 6.01 %(w/w) pulp suspension for three 
volumetric flow rates.  
 

3.7  UVP related measurement artifacts and effects  

As mentioned above, it was observed in this study that 
almost all of the obtained velocity profiles exhibited visible 
constant plug behavior throughout the pipe towards the far end 
wall from the transducer side. In this far region the velocity 
gradient information was lost. This artifact was most likely 
caused by e.g. multiple reflections from e.g. the pipe walls and 
the large number of scattering fibres and not by a decrease in 
penetration depth due to attenuation of ultrasound.  

 
Fixed and moving interfaces reflect and modify the field of 

the acoustic pulse. In the wall region close to the transducer, 
multiple reflections by the wall and the irregular shape of the 
ultrasonic pulse beam in the near-field region may imply that 
the results are less reliable in this region in contrast to the LDA 
technique which does not suffer from this effect. In this study, 
the focal point was therefore positioned as close to the 
wall-liquid interface inside the tube as possible and this effect 
was therefore minimized.  

However, mechanical vibrations were observed, e.g.  for 
the lowest concentration which may have pushed the UVP 
transducer slightly from its optimal position in such way that 
the first points close to the wall were actually recorded within 
the near field zone. The non-zero velocity phenomenon and 
irregular shape of the velocity profile at the interface wall 
close to the transducer was therefore observed only for the 
1.89 %(w/w) concentration in this study, as shown in Figure 3.  
 

It is well known that the ultrasonic pulse beam can be 
forward-scattered by a moving seeding particle (fibre in this 
case) contained in the flowing suspension towards the far pipe 
wall interface. This acoustic energy is thus backscattered a 
second time in the direction to the transducer. The distance 
associated with the path transducer far pipe wall 
interface-scatterers is therefore located outside the flowing 
liquid. As a result, imaginary velocity components were most 
likely added to the real velocity profile, especially near the far 
pipe wall interface as pointed out by, e.g. Wang et al. [29]. 

The local drop in velocity for both volumetric flow rates 
indicated by an arrow in Figure 6, which corresponds to the 
highest concentration, is believed to be caused by this effect. 

 
It was also found that the velocity profiles thus did not 

reach the expected zero velocity at the far interface wall and 
thus often appear to be slightly wider than the actual pipe 
diameter due to mentioned measurement artifacts. The illusion 
of velocity profiles being slightly wider than the actual pipe 
could also be enlarged by error in sound velocity and Doppler 
angle determination.  

However, when comparing the UVP and LDA absolute 
velocity values it was found that they agree very well. Since 
the entire beam path was calculated and accounted for these 
findings implies that the correct sound velocity and Doppler 
angles were used when calculating the velocity and radial 
distance. Other phenomena than those discussed may also be 
involved in this case. 

 
The intensity of the acoustic field received from a location 

inside the flowing suspension depends on the material, the 
shape and the number of these interfaces along the beam path. 
In addition, ultrasonic waves reflected multiple times inside a 
solid wall interface enlarge the ultrasonic beam inside the 
flowing suspension and modify its shape. These reflections, 
thus, make it more difficult to accurately predict the exact size 
and the shape as well as the location of the measuring volume 
when performing non-invasive measurements through 
multiple interfaces or thick wall materials.  

In most commercial software, such as the one used with the 
UVP equipment used in this study, the ultrasound refraction 
and difference in sound velocity in multiple media are not 
taken into consideration, as pointed out by Wang et al. [29]. 

Consequently, these findings imply that measurements of 
the profile close to the pipe wall interface at the far end from 
the transducer side are less reliable due to mentioned artifacts 
since many of those are not compensated for. All velocity 
profiles were therefore truncated at the last measuring volume 
that originated from a position inside the pipe measurement 
section.  

Further investigations are needed to fully explain, predict 
and compensate for the effects of mentioned artifacts for the 
investigated and similar pulp suspensions. 

4. CONCLUSIONS 

In this study, UVP and LDA techniques were used 
simultaneously to perform velocity profile measurements in 
highly concentrated pulp fibre suspensions in an experimental 
pipe flow loop. It was shown that both techniques can be used 
with good agreement to obtain accurate velocity (LDA) and 
velocity profile (UVP) data in much more concentrated fibre 
suspensions than what has been reported so far in the 
literature. No special seeding particles were needed as the 
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pulp fibres were found to work sufficiently for both LDA and 
UVP techniques. It was also demonstrated that LDA had a 
sustained penetration depth of up to several millimeters for 
these seemingly opaque systems such as a 7.8 %(w/w) pulp 
suspension. Furthermore, results showed that the UVP 
technique was sensible to various artifacts that could result in 
a visible constant plug behavior of the recorded velocity 
profile, in which the velocity gradient information is lost 
towards the far end wall from the transducer side. However, 
the UVP method could be optimized in such way that the 
penetration depth was sustained almost through the entire 
measurement section even for the highly concentrated            
7.8 %(w/w) pulp suspension. 
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7. NOTATION 

1α  = transducer inclination angle 

2α  = angle between direction of flow and measurement 
axis 

c = sound velocity, m/s 
θ  = Doppler angle 
d = diameter of the measuring volume of the UVP, m 

0f  = basic ultrasonic frequency, MHz 

h = thickness of UVP measurement volume, m 
L = distance between pressure sensors, m 

L/s = Volumetric flow rate, liters per second 
N = number of ultrasonic cycles per pulse 
r = radial coordinate, m 
R = pipe radius, m 

0R  = plug radius, m 
v = velocity, m/s 

(w/w) = mass percentage pulp fibers 
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EXPLANATORY COMMENTS  

Hydraulic scale model tests have been carried out at the 
Hermann Grengg Laboratory of the Department for Hydraulic 
Engineering and Hydro Resources Management at the Graz 
University of Technology since 1964. More than 300 tests 
have so far been performed for projects throughout Austria and 
abroad as well as for fundamental research purposes. 

 
The studies described in this report were conducted as part 

of a test on the model of an air-vessel type surge-tank situated 
in the tailwater system of a pumped-storage scheme. The 
hydraulic tailwater system (Figure 1) consists of three separate 
air-vessel type surge chambers uniting in a connection gallery 
and linked with the lower reservoir by the tailwater gallery. 

 

Power Station 

Storage 

Under-Water-System with 
Air Chambers 

 
Fig. 1 Tailwater system scheme 

 
 
 As the water surface level of the lower reservoir is always 

above the axis of the impulse turbines, it is necessary to 
maintain a pressure of up to 3 bar above atmospheric in order 
to draw down the water surface within the surge chambers. 

 
The two principal functions of the air-vessel type surge 

chamber are to dampen the water level fluctuations between 
the lower reservoir and the surge chambers in the case of mass 
oscillation and to absorb the air taken in by the turbines and 
degassing into the surge chamber(Figure 2). 

 
 

 
Fig. 2 Degassing into the surge chamber 
 
The problem of such plants is that the air taken in actually 

does not entirely degas into the surge chamber, but is 
evacuated from the system through the tailwater gallery and is 
thus lost to the system. This question is of vital importance, 
especially where the turbine gallery is joined with the pump 
inlet line, that is, in the case of a „short-cut“, as this may cause 
damage to the mechanical equipment (pumps, turbines, etc.). 
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ABSTRACT 
 
The downstream (turbine) portion of a pumped storage station was reproduced in a hydraulic scale model. Water 

was supplied through three simulated Pelton turbines. The problem to be solved by the model tests was the fact that 
for structural reasons the turbines are located below the water level of the lower reservoir. As water must be kept 
away from the turbine rotor, it is necessary to produce overpressure (compressed air). This, however, involves 
problems which need to be analysed in the physical model by defining the surge movement, because the rotor must 
by all means be prevented from being submerged. Part of the compressed air escapes together with the turbine 
outflow. Therefore, it is necessary to optimise the geometries (turbine casing) with a view to minimising this air 
flow. An ultrasonic measuring instrument (UVP) was used to monitor these processes. Three parameters were 
considered: the velocity profiles in the surge tank, the movement of the surge, and an attempt was made to identify 
the distribution of air bubbles. 

Keywords:  surge tank, air flow, velocity profiles, air bubbles 
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The plexiglass model shown in Figure 3 was constructed to 
scale 1:22.5 at the Department and installed in its laboratory. 

 

 
 Fig. 3 Plexiglas model in the laboratory 
 
 

THE MEASURING METHOD 

The studies were carried out by use of the XW-3_Psi 
ultrasonic velocity profile measuring instrument made by 
Met-Flow. This measuring system consists of a computer 
(Main Unit) with an integrated keyboard, a display unit and 
multiplexed ultrasonic transducers. A maximum of four 4MHz 
transducers, 5mm in diameter, were available.  

 
Fig. 4 Measureequipment XW-3Psi 

 

The measurement window was designed as a function of the 
instrument parameters within the boundaries of the chamber 
cross-section. Results from the fringe zones near the contact 
between water and plexiglass (8mm in thickness) were omitted 
to avoid including imaginary results and unwanted reflections 
from the opposite wall. 

  

 
Fig. 5 Measureequipment XW-3Psi 
 

The angle the transducer made with the flow direction 
(Doppler angle), which is important for defining the 
measurable velocity range, mainly depended on the structures 
installed at the entrance to the surge chamber. This angle was 
75° for both horizontal and vertical measurements. The 
feasible measuring range of a 4MHz transducer was between 
–750 and 750mm/s for a maximum measuring depth of 
approximately 350mm, . 

 
Fig. 6 Measureequipment XW-3Psi 

 

As visual inspection had already suggested that swirl flow 
and, hence, turbulent flow conditions would occur, the 
instruments were tested, or “calibrated“, by trying them first in 
positions where steady flow was expected. A further check of 
the instrument parameters was made by making comparable 
measurements at two opposite locations in the surge chamber. 

 

The characteristic features of turbulent flow conditions are 
irregular secondary velocity components diverging from the 
main flow direction. The reflections of the fluid particles 
moving in all spatial directions affect the results of UVP 
measurements. Increased measuring durations proved effective 
in obtaining better results. 

 

 
Fig. 7 Measureequipment XW-3Psi 

 

UVP MEASUREMENTS AND RESULTS 

During the first phase of the model tests it was important to 
study different turbine shaft configurations and their influence 
on the flow conditions. The main criteria of assessment were 
the length of the degassing zone as well as the velocity curve 
along the surge chamber. The UVP measurements were 
intended in the first place to describe the velocity curves in the 
surge chamber and, secondly, to provide additional 
information on the boundaries of the zone in the centre of the 
chamber cross-section where the undissolved air fraction 
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degases. By way of example, the measurements made in a 
non-symmetric turbine shaft will be described in the following 
paragraphs. 

 
Fig. 8 Non-symmetric turbine shaft 

Velocity curve 

The velocity curve was described by means of 
measurements made in 7 cross-sections provided along the 
surge chamber. The surge chamber is approximately 3.50m 
long and has a horseshoe cross-section with a maximum 
internal width of 32.8cm and an internal height of 35.5cm. 
Allowance had to be made for the geometry of the structures 
installed within the surge chamber in positioning the 
measuring cross-sections. The maximum spacing was 50cm. 

1 2 3 4 5 6 7 

  

 
Fig. 9 Chamber-section 

The water depth within the surge chambers selected for a 
certain stationary operating condition was about 24cm. In each 
cross-section measurements were taken in 5 horizontal planes 
with a constant spacing of 4.5cm. The measured velocity 
curves in Profile 1, in the entrance zone of the chamber, are 
shown plotted in Figure 10. The curves indicate the presence of 
some reverse flow in the two lower measuring planes as well as 
unsteadiness in the velocities measured in the foam zone. 
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Fig. 10 Velocity plot in Profile 1 

Figure 11 is a graph showing horizontal velocities measured 
in Profile 2. The influence of the asymmetrical inlets to the 
turbine shafts on outlet flow is clearly seen when comparing 
the weir openings, which are separated by piers in this area.  
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Fig. 11 Velocity plot in Profile 2 

This asymmetry in the velocity curve continues, though 
decreasing, as far as Profile 7 (Figure 12). The results from 
each measuring cross-section were summarised in tables and 
diagrams, which served as a basis for the qualitative 
assessment of the velocity curve.  
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Fig. 12 Velocity plot in Profile 7 

Reverse-flow swirls at the chamber floor were seen to 
extend to the middle of the chamber length. The turbulent swirl 
flows within the measuring cross-sections have only a minor 
influence on the velocity curve in general, they do, however, 
affect the quantitative result of the measurements. 
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Defining the boundaries of thedegassing zone 

Degassing was studied by means of photographic 
evaluation of the chamber walls supported by the evaluation of 
the degassing zone in the middle of the cross-section using 
UVP measurement. The measurements were made at 4 points 
with a constant spacing of 4.5cm. 

 
Fig. 13 Picture with degassing zones 

 The degassing area, shown in Figure 13, falls into two 
zones: An upper foam zone (Zone I), with a bubble size of up 
to 15mm and a high proportion of air in the water/air mix, 
moves at a low velocity.  

In the lower area (Zone II), with a smaller proportion of 
bubbles, the air bubbles are characterised by jerky movement. 

Figure 14 is a graph showing the velocities measured during 
a test as a function of depth, demonstrating, by way of example, 
a vertical UVP measurement made by Transducer A. The foam 
area (Zone I) is characterised by extremely fluctuating velocity 
levels, ranging in this case between 110mm and 270mm. 

 
Fig. 14 Example of a vertical UVP measurement 

In combination with photographic evaluation of the 
degassing process, UVP measurement proved a suitable 
method for a qualitative assessment of the turbine-shaft 
configuration. As, however, the size of the air bubbles in the 
model is relatively too large, quantitative transfer of the results 
to prototype conditions is either very difficult or impossible. 

CONCLUDING REMARKS 

A complex study programme was required for the scale 
model test on a compressed-air surge tank. This included 

identifying the velocity field and the wave movement resulting 
from the surge phenomena as well as zones characterised by a 
two-phase water/air mix. 

 
The results of the velocity measurements showed 

qualititative agreement with the numerical analysis. Greater 
accuracy in determining the velocity curve would have been 
obtained if additional transducers had been purchased for the 
multiplex system. The two-phase zone was largely defined; the 
boundaries of the foam zone were clearly determined. Irregular 
two-phase zones were defined by the additional use of 
photographic analysis. 
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ABSTRACT 
 
Rapid advances in technology–communications, the internet, tele–marketing, travel, etc. are accelerating the 

globalization of the world’s market places. To facilitate this globalization, the Committee on International Weights 
and Measures (CIPM) has produced a Mutual Recognition Arrangement (MRA). This Arrangement, signed into 
existence in Oct 1999, has the objectives: 

1. to establish the degree of equivalence of national measurement standards maintained by the National 
Metrology Institutes (NMIs), 

2. to provide for the mutual recognition of calibration and measurement certificates issued by the NMIs, and 
thereby 

3. to provide governments and other parties with a secure technical foundation for wider agreements 
regarding measurements that relate to international trade, commerce, and regulatory affairs. 

Information on the CIPM, and the MRA can be found on the website: www.bipm.org
 
Degrees of equivalence between national measurement standards are based on the results of comparisons 

conducted within the Consultative Committees of the CIPM. Flow measurement efforts are being addressed by the 
newly formed Working Group for Fluid Flow (WGFF) of the CIPM Consultative Committee on Mass and Related 
Quantities (CCM). The member National Metrological Institutes (NMIs) of the WGFF are organized into specific 
measurement areas. In each of these areas, and according to MRA rules, the efforts are to design and conduct Key 
Comparison (KC) tests that quantify the equivalence of the flow standards maintained in the participating NMIs. To 
determine appropriate operating ranges for KC’s, the WGFF is reviewing the Calibration and Measurement 
Capabilities (CMCs) of the participating NMIs. 

This keynote presentation will briefly describe the MRA and the WGFF plans and programs to conduct the KC 
tests. The techniques planned for the KCs will be to design tandem flow meter transfer standards in the selected 
fluid and flow test conditions to quantify the performance of NMI flow standards under actual conditions of use. 
Youden analysis of variance techniques are planned to guide the resulting data analysis. 

The results of these efforts are expected to make it feasible for flow measurements made anywhere in the world to 
be understood and acceptable anywhere else. 
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INTRODUCTION 

Legal gas metering is the activity where gas meters are used 
to measure the amount of gaseous fuel or industrial gasses for 
custody transfer purposes, i.e. money transactions for gas 
supplies and fiscal purposes: taxes, levies and duties. Many 
counties in the world have for gas meters legal requirements 
that are based on the current OIML recommendations R6 1, 
R31 2 and R32 3. In most European countries these 
recommendations were implemented in their weights and 
measures legislation. In countries like e.g. Japan and Australia 
OIML recommendations are implemented via standards that 
are compulsory for custody transfer measurements. OIML is 
the International Organisation for Legal Metrology, a treaty 
organisation established in 1955. The countries that signed the 
treaty have the moral obligation to implement the OIML 
recommendations in their national legislation. The objective is 
to establish coherent metrology legislation in countries, which 
makes trade between countries easier. Today, OIML counts the 
membership of 59 countries and the corresponding 
membership of another 50 countries from all over the world. 

The current OIML recommendations are technology 
oriented: diaphragm meters R31 2, rotary piston and turbine 
gas meters R32 3, supported by general provisions R6 1. For 
other technologies (e.g. ultrasonic and coriolis) there are no 
recommendations. Today, in the Dutch legislation only 
diaphragm, rotary piston and turbine meters are allowed for 
custody transfer. Other meter types are possible but only via a 

dispensation procedure, which takes approximately 6 weeks 
longer to complete than a regular type approval.  

With technology changing at an increasing pace it will serve 
market interests if legislation is technology independent, a 
development that was recognised as one of the key issues of the 
new Measurement Instrument Directive (MID) 4 in the 
European Union. To this end the current OIML 
recommendations for gas meters are under revision, which has 
resulted in a first committee draft 5, which is technology 
independent. Gas meters are generally part of an entire 
installation and so a new recommendation for gas metering 
systems is being developed 6. These new recommendations 
necessarily form a compromise between the dreams of experts 
and the interests of countries participating. However, we know 
that these are going to be revised in the future. So today is an 
excellent starting point to dream about legal gas metering. 

Walt Disney, famous for his creations of Mickey Mouse and 
Donald Duck, used for his creative work a method that was 
later called the Disney strategy. Any problem is viewed from 
three different perspectives: the dreamer, the critic and the 
realist. The dreamer thinks of anything that would be nice. The 
sky is even no limit. The critic tells why the new ideas are not 
possible or why they are actually bad ideas. The realist looks at 
what can be achieved and how problems can be solved. When 
changing his perspective Walt Disney actually changed seats 
and body posture in order to stimulate the new line of approach 
in his thinking.  

For the purpose of this paper we will concentrate on 
dreaming. Criticism and realism will be postponed to a later 

 

ABSTRACT 
 
The future of gas metering is determined by past, present and future developments in the areas of metrology, 

economy and metering technology. This paper will show for each of these areas the current developments and 
development that are likely to occur or to be wished from a user perspective. This view will cover metrological, 
economical and technological aspects. 

Generally, introduction of the concept that there are two types of information in metrology, will simplify the 
understanding of the background of taking measurements. 

Economically, the supply of natural gas will be metered on an energy basis. New miniaturised, fast responding 
and cheap gas composition measurements will contribute to this market demand.  

Not only the development of new and improvement of existing metering principles is important but also the 
measurement of flow profile, swirl, pulsations, acoustic noise, vibration and the thermodynamic properties of 
natural gases are important.  

For the future the research area for flow meters, energy measurement, natural gas properties, disturbance testing 
and new metrological phenomena will remain interesting and challenging. 

Keywords:  Metrology, Gas meters, Energy 
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occasion. Since gas metering is a combination of metrology, 
economy and technology, we will focus in our dreams on these 
three areas. 

 

METROLOGY 

The first field of developments to be mentioned here is 
metrological. Metrology is the science of taking measurements. 
In scientific metrology metrologists focus on the development 
of new standards or the improvement of existing standards. 
Here scientists are dreaming of a couple of new quantum 
phenomena that will contribute to the development of 
standards based on fundamental physical constants. In 
industrial metrology people working in research and 
development need measurement standards to test the 
equipment developed. The focus here is the development of 
more accurate instruments. Legal metrologists focus not only 
on the application of measuring methods for custody transfer 
purposes but also on the regulation required for fair trade, 
health, safety, environment and consumer protection. A 
concise overview of the different metrology areas can be found 
in Metrology – in short 7, a publication issued by DFM, the 
Danish national metrology institute.  

In the past decades metrology has undergone a paradigm 
shift leading to the publication in 1993 of the Guide to the 
expression of Uncertainty in Measurement 8 (GUM). The 
major implication of the GUM is that uncertainties are part of 
the measurement results. Instead of saying the length of the 
table is 1.80 m, we represent the length of the table by (1.80 ± 
0.01) m, 0.01 m being the measurement uncertainty. 

Also terminology has changed. Terms like true value and 
error have lost their practical significance in metrology. 
Instead of error the word deviation is used and true value is 
changed to value. The best-known estimate of the value of a 
quantity is the reference value obtained from a standard, which 
is used to determine the deviation of an instrument reading. 
Maximum permissible error is now better replaced by 
tolerance.  

Terminology is an important aspect of the language in 
which we communicate measurement results. In metrology 
there are currently two dictionaries that contain terminology 
and definitions that are currently agreed on in metrology. The 
Vocabulaire International de Métrologie VIM 9 is general to 
metrology; the other is the Vocabulaire International de 
Métrologie Légale VIML 10, which is specific to legal 
metrology. In these vocabularies a number of terms exist that 
are not defined in a quantitative way: accuracy, inaccuracy, 
precision, repeatability, reproducibility.  

Some terms actually demonstrate the opposite of their 
intention. E.g. if we look by repetitive measurements for 
repeatability or reproducibility we will find that the instrument 
show small fluctuations in reading that makes it not entirely 
repeatable or reproducible. In fact our search for repeatability 
leads to the opposite. Consequently, repeatability and 
reproducibility are nowadays treated as uncertainty sources. 

In this information era it is an idea to divide all terms into 
two categories. One group of terms represent available 
information. Here we have measured value, reference value 
and deviation. The other group of terms refer to missing 

information, i.e. measurement uncertainty. Here we can put all 
terminology that result in measurement uncertainty: 
repeatability, reproducibility, drift and uncertainty. Now it is 
also clear that if you do not correct for a known deviation this 
will result in an additional uncertainty. Terms like accuracy 
and inaccuracy have a bit of both categories, which make them 
confusing. On one hand accuracy expresses a small deviation, 
on the other hand an accurate instrument also has a low 
uncertainty. The term inaccuracy has the same ambiguity. 

The concept of uncertainty as a measure of missing 
information has proven to be very useful instrument to help 
people to master the basic concepts of metrology. Illustration 
of this idea with examples can be found in a paper by the 
author 11. 

Uncertainties cannot be avoided and that means that these 
play a role when taking measurement based decisions 12. 
Examples are speeding tickets for people that drive too fast and 
approval of instruments with respect to legal tolerances. The 
probability that a decision is taken correctly is called 
confidence level. The probability of taking an erroneous 
decision is called risk, which is 1 – confidence level. If the 
instrument deviation equals the tolerance the probability of 
taking a correct decision is 50%. So the point of 
standardisation in legal metrology is the minimum confidence 
level (e.g. 95%) required for metrological decisions. 

ECONOMY 

Apart from any metrological and technological 
developments, the gas markets are liberalized in some 
countries. As a result the trade and transport responsibilities 
are separated into different companies. Gas transportation and 
gas distribution companies will not own the gas and get only a 
fee for transporting the gas to the end user. As a result the gas 
balance of these companies will get more attention, requiring 
more accurate gas meters.  

Another consequence of the liberalised market is that gas 
will be supplied from many more different sources than today. 
As each source has a different gas quality with different 
calorific value there will be a tendency to bill the supplied gas 
on an energy basis. However, normal gas appliances like 
stoves and central heating boilers are not capable of handling 
entirely different gas qualities. A stove manufactured for a 
calorific value of 35 MJ/m3 will get damaged if gas of 42 
MJ/m3 is used. So a constant gas quality is of importance to 
domestic users of natural gas. The solution here is an 
intelligent pressure regulator that reduces the gas pressure on 
the appliances if a higher quality of gas is supplied. This will be 
possible after the development of a new and miniaturised 
measurement method for determining the gas composition, 
which will be also useful for gas metering on an energy basis. 

The prices of energy are expected to rise in the near future 
and this will stimulate a market demand for more accurate 
meters, new measurement principles, gas meters that meter on 
an energy basis, automatic reading or telemetry through the 
internet, gas meters with multiple tariff registers. 

However there is another development that will require new 
metrological methods. The person that manufactures a product 
or provides services has to demonstrate that his products or 
services comply with regulations, standards and consumer 
specifications. Quality systems have been accepted as a means 
to control design, production, and final product inspection. 
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Product malfunction will lead more and more to liability 
lawsuits, which involves high costs of lawyers and possible 
compensation payments. These payments have increased in the 
past decades and there is no indication that this tendency will 
change in the next years. Especially, the new economies will 
implement legislation on liability according to principles that 
are used in other countries. The manufacturer wants to know 
the risk he runs. Statistical and metrological methods will be 
further developed to assist the manufacturer to maintain his 
risk at a preset level. 

Manufacturers will act on a global market with local needs. 
Language support will be of vital importance, not only for 
documentation but also in interpreting error messages that are 
transmitted in case of instrument malfunction or maintenance 
requests. 

The consumers that are offered a free choice of gas supplier 
may become owner of the gas meter in which case they will 
become much more interested in possible meter deviations and 
measurement uncertainty. Consumers will appreciate more and 
more clear invoices based on transparent measurement systems 
that measure gas quantities traceably in energy units. 

TECHNOLOGY 

The last decade has shown rapid technological 
developments in the field of gas metering. Compared to the 
existing diaphragm, rotary piston and turbine gas meters a 
range of new metering technologies has been developed. 
Ultrasonic meters and coriolis meters are now used for custody 
transfer purposes, the latter one measuring gas quantities in 
mass units. New metering principles are being developed that 
have potential for custody transfer measurements and existing 
mechanical measurement principles will be upgraded with 
electronics to add diagnostic and telemetric functions. Velocity 
based gas meters, like the turbine gas meter and the ultrasonic 
meter will be able to compensate asymmetric velocity profiles 
and even swirl. Clamp-on meters have been developed that are 
able to measure the flow rate from the vortex noise of the gas 
flowing in the pipeline 13.  

Recently, manufacturers try to develop compact equipment 
to measure gas in energy units. Although the response time of 
miniaturised gas chromatographs is much better than the 
existing process gas chromatographs 14, further 
miniaturisation is to be expected with almost real time 
determination of the gas composition. From the gas 
composition the calorific value of the natural gas can be 
determined using the ISO 6976 algorithm 15. 

The technological and metrological challenges associated 
with these developments are plenty. As many gas meters are 
sensitive to flow disturbances, velocity profiles, pulsations and 
acoustic disturbances adequate tests need to be developed and 
standardised. Currently, only standardised tests exist for flow 
disturbances 3, 5. Laser Doppler velocity profile 
measurements for these disturbance tests under high-pressure 
conditions is described in 16. Objective of this study is to find 
flow conditioning methods. These methods can be used to 
provoke in a straight pipe the velocity profile and swirl typical 
to two out of plane 90° bends. Such devices will actually 
reduce the cost of full-scale tests of large diameter gas meters 
under high-pressure conditions. Ultrasonic Doppler methods 
are already used for instant determination of velocity profiles 
in liquids 17.  

The influence of pulsating flows 18 and pipe vibrations 19 
was investigated by TNO in The Netherlands. These test are 

not yet performed on a routine basis as part of the product 
certification of flow meters, but this is likely to change in the 
future. 

A special chapter in technology is the determination of 
thermodynamic properties of natural gases. Today there are 
several standards to calculate the real gas factors of natural 
gases from the full gas composition 20 or some components 
and the calorific value 21. Also for the speed of sound a 
standard is available 22. However despite the many computer 
programs that determine from the gas composition, pressure 
and temperature the viscosity, the isentropic coefficient, 
etcetera, the traceability is still poorly documented. Especially, 
for differential pressure devices the accuracy of the 
measurement is depending on the uncertainty of the calculated 
values of thermodynamic properties. 

CONCLUSION 

At the end of this overview of the metrological, economical 
and technological aspect our dreams are summarised as 
follows. 

As new insights in metrology become clearer to 
metrologists, developers and users of instruments, this will 
give an impulse to improvement of instrumentation and the 
quality of products improve. The introduction of the concept of 
available information (deviation, measured value) and missing 
information (uncertainty) helps people to find their way in the 
terminology that exists in metrology today. 

In a competitive liberalised market consumers will be more 
aware of value for money. As a result there will be a market 
demand for metering the energy of gas supplied. Also gas 
meter accuracy will get more attention, certainly if the prices of 
energy increase. 

Technologically gas meters will be developed that are based 
on new metering principles. Also energy meters will be 
developed. Instrumentation to measure the gas composition 
will become much smaller in size, faster in response and 
cheaper. For the prototype testing of new gas meters 
standardised tests will be developed for pulsations, vibrations 
and acoustic noise. Disturbances test of flow profile and swirl 
generation can be performed with devices that can be installed 
in straight pipe lengths, thus avoiding the costs of full-scale 
tests with large diameter gas meter under high-pressure 
conditions. Thermodynamic properties of natural gases need to 
be known in a traceable way in order to improve metering 
accuracy. 

The research on gas metering and adjacent areas will be 
certainly very interesting for the future. 
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The first topic will be the flow calibration facilities established and maintained at National Metrology Institute of 
Japan (NMIJ). Those facilities are national measurement standards for water flow, hydrocarbon flow, gas flow and 
air speed. The principle, specifications and calibration uncertainties of the facilities will be presented. 

The second half of the talk will be focused on Japan Calibration Service System (JCSS), which is the calibration 
laboratory accreditation system based on ISO/IEC 17025. The basic accreditation process, a list of currently 
accredited laboratories in the field of flow and mutual recognition of JCSS calibration certificates will be given. 
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PULSED-DOPPLER METHOD ALONG WITH TRADITIONAL TRANSIT TIME METHOD 
 

Hironobu Yao*, Yoshinori Ohmuro**, Kouji Hagiwara**, Masami Kishiro*, Akio Miyamoto*, Kazuyuki Yamada*, Norihiko 
Tadata*, Gunji Ohgawara*, Toshihiro Yamamoto*, Yasushi Takeda***
 
* Fuji Electric Instruments Co., Ltd., 1, Fuji-machi Hino-city, Tokyo 191-8502, Japan, e-mail: yao-hironobu@fujielectric.co.jp 
** Fuji Electric Advanced Technology Co., Ltd. 1, Fuji-machi Hino-city, Tokyo 191-8502, Japan, 
*** Div. Mechanical Science Graduate School of Engineering Hokkaido University, Kita-13 Nishi-8 Sapporo 060-8628 Japan, 

1. INTRODUCTION 

In terms of UVP method, some papers have been reported 
recently, aimed at industrial flow measurement [1]-[5]. UVP 
method can measure velocity profiles directly without any 
correction coefficient which is usually needed for the other 
flow meters such as ultrasonic transit time meter. Therefore it 
enables highly accurate flow rate measurement even for 
undeveloped flow. However, it has to be recognized that there 
are a few limitations due to its measuring principle. Firstly, to 
get enough intensity of echo signals with Doppler shift, UVP 
method requires bubbles and/or particles as tracers of velocity 
field in measured liquid. Secondly, the measurable maximum 
velocity is limited to rather a lower value than that of the other 
flow meters due to the sampling theorem. For example, the 
maximum velocity is 10 m/s for EMF (electromagnetic flow 
meter), but it is limited to less than 10 m/s for UVP method. 
Thirdly, when applying it to non-invasive flow metering, 
diametric measurement of velocity profiles cannot be done due 
to acoustic noises nearby ultrasonic transducer, and this time it 
was confirmed that velocity profiles are affected by various 
types of acoustic noises, especially for metal pipes. 

On the other hand, transit time method has been commonly 
adopted for industrial non-invasive ultrasonic flow meter so far. 
In general, it is adequate for clean liquids such as ultra pure 
water in semiconductor use because it utilizes penetration of 
ultrasonic waves in liquid. There will be no limit for the 
maximum velocity without aeration. However, this method has 
some limitations as well. Firstly, it needs a conversion factor of 
average velocity with the assumption of fully developed flow. 
Secondly, although transit time method has been improved for 
aeration problems by utilizing digital signal processing 
technology, it is not so tough enough as to be applicable to all 
kinds of bubbly and/or opaque liquids.  

Both methods have strong and weak points as above, but 
they have complementary roles to each other. New hybrid type 

ultrasonic flow meter has been developed as non-invasive type 
flow meter, utilizing UVP method along with transit time 
method. For its configuration, a pair of clamp-on type 
ultrasonic transducers is located opposite to each other on a 
pipe surface. It enables diametric measurement of velocity 
profiles in case of UVP method, and measurement of time 
difference in case of transit time, where these methods would 
be automatically switched over to each other yielding to 
conditions of measured liquid and magnitude of velocity. 

In this paper, main specifications and configuration of 
newly developed hybrid type ultrasonic flow meter are 
reported. Also actual flow test results of UVP method are 
reported, showing examples of radius/diametric measurement 
of velocity profiles with clamp-on type ultrasonic transducers 
located on a few kinds of materials’ pipes. 

 

2. NEW HYBRID ULTRASONIC FLOW METER 

As industrial ultrasonic flow meters, transit time method 
and conventional Doppler method, which cannot measure 
velocity profiles, have been mainly adopted until today. Transit 
time method is relatively high accuracy (±1 to ±2%), but it is 
not suitable for liquids that include a lot of bubbles and/or 
particles. On the other hand, conventional Doppler method is 
tougher against them than transit time method, but it has 
poorer accuracy (±3 to ±5%) than transit time method. 
Ultrasonic flow meter utilizing both methods is called “hybrid 
type” one in general. 

This time, new hybrid type ultrasonic flow meter has been 
worldly at first developed, utilizing UVP method along with 
transit time method, and realizing higher accuracy than the 
above-mentioned traditional one. 

The measuring principle of transit time method is that 
ultrasonic pulses are transmitted and received between a pair 
of transducers obliquely and alternately, and that bi-directional 

 

ABSTRACT 
This time, new hybrid type ultrasonic flow meter has been developed worldly at first as non-intrusive type one, 

utilizing UVP (Ultrasonic-Doppler Velocity Profile) method along with transit time method. For its configuration, 
a pair of clamp-on type ultrasonic transducers is located opposite to each other on a pipe surface. It enables 
diametric measurement of velocity profiles in case of UVP method, and measurement of time difference in case of 
transit time method, where these methods would be automatically switched over to each other yielding to 
conditions of measured liquid and magnitude of velocity. The basic study was done on switchover algorithm, and 
also the authors have got the prospect of achieving high accuracy (±0.5% of rate) for UVP method by taking 
measures against various types of acoustic interference and performing actual flow tests.  

Keywords:  UVP, Transit Time, Hybrid ultrasonic flow meter, Clamp-on, Velocity profile 
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transit time and the time difference induced by carry effect of 
fluid motion are measured, calculating flow rate from them on 
the assumption of fully developed and axis-symmetric flow.  
The principle formula is given by  

 
Q=(πD2/4)(1/K){C/(2sinθ)}{∆T/(T0-τ)}        (1) 

 
where Q: volumetric flow rate, D: inside diameter, K: 
conversion factor of average velocity, C: sound velocity of 
measured liquid, θ: incident angle into liquid, ∆T: transit time 
difference, T0: transit time when flow is at rest, τ: transit  
time in pipe wall and transducers’ wedge. The K corresponds 
to correction coefficient on the assumption of fully developed 
laminar/turbulent flow.  

UVP method utilizes so-called pulsed-Doppler effect, 
assuming that bubbles and/or particles move with the same 
velocities as measured liquid. Ultrasonic pulses are transmitted 
into liquid, echo signals scattered by them are received by the 
same transducer, the propagation line is divided into small 
channels, velocity profiles are obtained by connecting Doppler 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig-1: Measuring Principle 
 

 
UVP METHOD TRANSIT TIME 

METHOD 

Installation Clamp-on 

Number of path ２ or 4 paths 1 or 2 paths 

Applicable pipe size φ25 to 1000mm φ13 to 6000mm 

Pipe material Metals with / without liner, Plastics 

Velocity 0 to ±0.3 ---- 4 m/s 

(depending on dia.) 
0 to ±0.3 ---- 32 m/s

Fluid temperature - 40 to +100 degC 

Output DC4 to 20mA (load 1 kΩ) 
DO: 3 points 

RS-232C / RS-485 

FU
N

C
T

IO
N

S 

Explosion-proof ATEX EEx mⅡ T6 

Accuracy ±0.5% of rate ±1% of rate 

Straight pipe length 5D(Up), 2D(Down) 10D(Up), 5D(Down)

Response time 0.1 s 0.5 s 

Permissible air 0.02 to 20 vol.% 0 to 12vol.% 

PE
R

FO
R

M
A

N
C

E
 

Undeveloped flow Applicable NA 
Table-1: Specifications of New Hybrid Ultrasonic Flow Meter  
 

shifts in the channels, and flow rate is calculated by integrating 
the velocity profiles. The principle formulas are given by 
 

Q=∬v(x)dS                               (2) 
v(x)={C/(2sinθ)}{fd(x)/f0}                    (3) 
x=(Ct)/2                                  (4) 

 
where v(x): velocity at position x, fd(x): Doppler shift at 
position x, f0: basic excitation frequency, t: round transit time 
between transducer and position x, others: ditto. 

The main specifications of newly developed hybrid type 
ultrasonic flow meter are shown in table-1 
 

3. CONFIGURATION OF THE FLOW METER 

3-1. TRANSMITTER 
The hardware block diagram of the transmitter is shown in 

Fig-2. It consists of a measurement board, a control board, a 
man-machine interface, and a power supply board. 
1) Measurement board: Supplying transmission signals with 

ultrasonic transducers, amplifying received signals, 
converting them to digital data, and then calculating flow 
rate by digital signal processing. 

2) Control board: Measuring temperature of transducer’s 
wedge, and controlling key input, DC4-20mA, DOs, serial 
port for RS-485/RS-232C, and LCD. Sensor 1

Sensor 2

Flow
Bubble 3) Man-machine interface: Setting parameters, and indicating 

flow rate and total. 
4) Power supply board: Power supply to the other boards. 

 
 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig-2: Block diagram of Hybrid Ultrasonic Flow Meter 
 
3-2. DETECTOR 

Fig-3 shows the outline of newly developed detector. 
Composite type piezoelectric oscillator is often used as an 
ultrasonic transducer for UVP method. However PZT disc is 
used for the transducers, because the targeting liquid 
temperature ranges from -40 to +100 deg C, and because of its 
cost reduction. Optimizing backing structure of PZT disc, 
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Low-Q transducers were made with almost the same efficiency 
as ones utilizing composite type piezoelectric devices. For 
highly accurate measurement over wide temperature range, a 
temperature sensor is incorporated into the transducer’s wedge, 
automatically compensating its sound velocity change. It also 
enables diametric measurement of velocity profiles by locating 
a pair of ultrasonic transducers opposite to each other on a pipe 
surface. This installation makes it possible to use transit time 
method as well by adjusting the distance between transducers 
with the same configuration. 

Acoustic absorber units are installed just before sensor 
units, aimed at decreasing the affect of multiple reflection in 
pipe wall.  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-3: Detector of Hybrid Ultrasonic Flow Meter 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-4: Configuration of Hybrid Ultrasonic Flow Meter 
 

 
4. SWITCHOVER ALGORIZM 

The configuration of hybrid type ultrasonic flow meter is 
shown in Fig-4, making it possible to use both of UVP method 
and transit time method. When echo signals are weak due to 
insufficient existence of reflectors in measured liquid, or when 
flow velocity exceeds UVP measurable range, transit time 
method is used. On the contrary, when reflectors increase and 
then transit time method cannot measure, UVP method is used.  

The switchover algorithm is shown in Fig-5. After setting 
parameters such as pipe material, pipe diameter, wall thickness, 
kind of liquid, flow range, etc., the maximum velocity will be 
calculated and checked if it is within UVP measurable range. If 
the velocity is within the range, the task for UVP method will 
be performed. And if success rate, which is defined as number 
of normal channels divided by total channels, is more than for 
example 70%, it will recover the failed channels, and output 

and display flow rate. Without UVP measurable range, or if the 
success rate is less than 70%, the measuring method will be 
switched over to transit time method. If neither UVP method 
nor transit time method can measure normally, it will perform 
a task for alarm output and display. 

In case that conditions of measured liquid change, 
especially the kind of liquid changes time after time, this 
switchover function of measuring methods makes it applicable 
to various kinds of liquids and wider applications than now. 
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Fig-5: Switchover Algorithm 
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5. RESULTS OF ACCURACY TESTS  

By using the transmitter and the detector, the tests were 
performed for accuracy evaluation. The tests were done for 
three kinds of materials, SS (stainless steel), PVC and CS 
(carbon steel) with ca. 100 mm. The test loop is shown in 
Fig-6. A flow conditioner, so-called Akashi type, was installed 
on the upstream side of the pipe. The detector that consists of 
one transducer only was installed on the pipe surface by 7D 
downstream from the flow conditioner. The tests were 
performed by so-called comparison method, where an EMF  
installed on downstream side was used as the reference meter. 
The EMF was calibrated within 0.1% by gravimetric method. 
The liquid was water that contains air bubbles as velocity field 
tracers. Air was injected into water on the suction side of 
upstream pump, and broken into small air bubbles by the pump. 
The mixture ratio was set to ca. 0.02 to 0.2 % in volume owing 
to flow rate. The excitation frequencies were set to specific 
values to make the effect of dispersion due to finite pipe 
thickness at the minimum. 
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Fig-6: Test Facility for Accuracy Evaluation 
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The actual flow tests were done at the average velocities 

from 0.2 to 2 m/sec. The test results are shown in Fig-7 to 9. 
The examples of velocity profiles at the time of these tests are 
shown in Fig-10 to 12. For the range of more than 0.4 m/sec, 
they are within nearly ±1%. For the range of more than 1 
m/sec, they are within nearly ±0.5%. It has been confirmed 
that almost the same accuracy as EMF can be realized. 

.  
 

 
 
 
 
 
 
 
 
 
 
 
Fig-7: Accuracy Evaluation for SS Pipe 
Inside diameter: 102.2mm, 
Wall thickness: 5.9mm 
Integral range: Far radius 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-8: Accuracy Evaluation for PVC Pipe 
Inside diameter: 104.2mm 
Wall thickness: 4.8mm 
Integral range: Far radius  

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-9: Accuracy Evaluation for CS Pipe 
Inside diameter: 106.0mm 
Wall thickness: 4.3mm 
Integral range: Far radius 
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Fig-10：Radius Velocity Profile for SS Pipe (2 m/sec) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-11: Radius Velocity Profile for PVC Pipe (2m/sec) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-12: Radius Velocity Profile for SS Pipe (2m/sec) 
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Next, as shown in Fig-3 and 4, with a pair of transducers 
installed opposite to each other, accuracy evaluation was 
performed. The test result is shown in Fig-13. The velocity 
profiles are shown in Fig-14 and 15 at that time. It was 
confirmed that two radius flow profiles coincide to each other 
in the central regions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-13: Accuracy Evaluation for SS Pipe   
Inside diameter: 102.2mm 
Wall thickness: 5.9mm 
Integral range: Diameter  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-14: Diametric Velocity Profile for SS Pipe (2 m/s) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-15: Diametric Velocity Profile for SS Pipe (0.4 m/s) 
 
 
 

6. CONCLUSIONS 

This time, new hybrid ultrasonic flow meter has been 
developed, combining UVP method with transit time method. 
And actual flow tests were performed by using clamp-on 
detector for three kinds of materials’ pipes with diameter of ca. 
100 mm. The accuracy was within ±0.5 to ±1.0 % of rate, 
therefore the authors have got the perspective to be able to 
achieve the accuracy equivalent to EMF. In addition, it was 
confirmed that diametric flow profiles can be obtained in real 
time with a pair of transducers installed opposite to each other 
on a pipe surface. 
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ABSTRACT 
According to the authors’ experiments, the accuracy of non-invasive Ultrasonic-Doppler Velocity Profile 

(UVP) method is influenced by excitation frequency of ultrasonic transducer, especially for metal pipes, depending 
on their materials, thickness and diameter. 

In this paper, it is considered that the frequency characteristics are caused by acoustic dispersion due to Lamb 
waves. A model for the analysis was made so that L (longitudinal) waves in plastic wedge, which incide obliquely 
into metal/plastic pipe, would split into L wave, SV (shear vertical) wave, and Lamb waves in different modes with 
constant frequency secured. Then, the frequency characteristics were calculated based on this multiple-beam model, 
and it was confirmed that the calculated errors roughly coincide with the measured data. 

Lamb waves with angles of refraction near critical angle of 90 degree would cause relatively large errors in case 
of small diameter pipes. Therefore, as countermeasures, the excitation frequency was set to the average value 
between two frequencies, where each angle of refraction of Lamb waves reaches the critical angle. It was confirmed 
that the accuracy is improved approximately within ±1% for metal pipes by taking the countermeasures. 

Keywords:  UVP, Frequency characteristics, Dispersion, Lamb waves, Critical angle 

 
 
 

 
1. INTRODUCTION 

Recently, UVP method has been often reported as a flow 
mapping technology. Some papers have also shown the 
performance of UVP flow meter aimed at industrial use, 
succeeding in highly accurate flow rate measurement mainly as 
an invasive type flow meter, that is, a flow meter with wetted 
transducers [1][2].   

However, it is the authors’ understanding that the study of 
UVP method as non-invasive flow metering has not been 
performed in detail so far. The fundamental investigation has 
been completed at this time on acoustic propagation through 
metal and plastic pipes in order to develop non-invasive type 
UVP flow meter. It has been recognized that there are various 
kinds of acoustic interference waves, of which the influence is 
remarkable especially for metal pipes. 

In this paper, the analysis is described about the frequency 
characteristics, that is, the accuracy of flow rate measurement 
is influenced by excitation frequency of ultrasonic transducer. 
Countermeasures and the effect are also reported so as to 
improve the accuracy of non-invasive flow measurement by 
UVP method. 

2. PHENOMENA 

According to the authors’ experiments, the accuracy of 
non-invasive flow measurement by UVP method is influenced 
by excitation frequency of ultrasonic transducer. 

The effect depends on the material, thickness and diameter, 
and it is remarkable especially for thin metal and/or small 
diameter pipes. 

Fig-1 shows an example of the frequency characteristics of 
accuracy, where UVP method was applied to SS (stainless 
steel) pipe with diameter of 102.2 mm and thickness of 5.9 
mm. 
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Fig-1: Frequency Characteristics of Accuracy 
(SS pipe with 102.2 mm dia., 5.9 mm thick) 

 
It is considered that these phenomena are caused by 

dispersion of ultrasonic waves in metal or plastic pipes, in 
which sound velocities (i.e. phase velocity, group velocity) 
change dependently on the excitation frequency. 
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3. ACOUSTIC DISPERSION 

Table-1 shows the kinds of ultrasonic waves that may 
cause dispersion. There are three kinds. In this table, SH (shear 
horizontal) waves are irrelevant, because they would not excite 
L (longitudinal) waves at the interface between pipe and 
measured liquid. Rayleigh waves are surface waves that 
attenuate rapidly in the direction normal to the surface. 
Therefore, it is concluded that only Lamb waves are relevant to 
the above-mentioned phenomena. 
 

Table -1: List of Acoustic Dispersion 

Mode Kind of wave Relation to the 
phenomena 

1)SH waves Shear wave Irrelevant 
2)Lamb waves Shear + Longitudinal Relevant 
3)Rayleigh waves Surface wave Irrelevant 
 

4. LAMB WAVES 

Lamb waves are the combination waves of L (longitudinal) 
waves and SV (shear vertical) waves, and have both natures. 
Lamb wave is a kind of plate waves, where the plate with finite 
thickness makes the wave guide, and only specific ultrasounds 
can propagate through it. Characteristic equations of Lamb 
waves specify the wavelengths of ultrasounds, satisfying the 
boundary conditions and depending on the thickness and 
sound velocities of the plate. 

Lamb waves have two modes, symmetric mode and 
asymmetric mode, as shown in Fig-2. Characteristic equations 
of Lamb waves are given by Eq. (1): 

 
β1

2=(ω/Vl)2-k2

β3
2=(ω/Vs)2-k2

tan(β1d/2)/tan(β3d/2)=-(k2-β3
2)2/(4k2β1β3) 

                               (In case of symmetric mode) 
tan(β3d/2)/tan(β1d/2)=-(k2-β3

2)2/(4k2β1β3) 
                         (In case of asymmetric mode) 

 
where d: thickness, ω: angular frequency, Vl: sound velocity 
of L wave, Vs: sound velocity of SV wave, k: wave number. 

Hereafter, each mode of order-number “m” is indicated as  
Sm and Am (m=0,1,2,･･･) respectively. 

 
 
 
 
 
 
 
 
 
Fig-2: Symmetric Mode and Asymmetric Mode 
 

5. ASSUMPTIONS FOR THE ANALYSIS 

For the analysis of the frequency characteristics, the 
followings are assumed: 

 
 

1) On phase velocity Vp=ω/k: 
Angle of refraction in pipe would be determined by phase 

velocity in each mode owing to the Snell’s law, 
 i.e. k sinθ=const. 

 
2) On group velocity Vg=∂ω/∂k: 

Transit time in pipe would be determined by group velocity 
of ultrasonic pulse trains, where Vg≠Vp with dispersion and 
Vg=Vp without dispersion in general. 

 
3) On acoustic mode conversion at interface: 

L wave in plastic wedge, which incides obliquely into pipe, 
would split into L wave, SV wave and Lamb waves in different 
modes with constant frequency secured, satisfying the Eq. (1). 

 
The frequency is assumed not to change on the assumption 

3), based on the results of the experiment described below. 
Fig-3 and Fig-4 show the experimental apparatus for the 

measurements of waveforms and spectrums of ultrasonic 
waves penetrated through metal pipe, where the pipe is SS one 
with diameter of 102.2 mm and thickness of 5.9 mm. The 
resonance frequency of transducer is 2 MHz. The SS pipe was 
cut into half, and ultrasonic waves penetrated through it into 
water were measured by the hydrophone submerged into water. 
The acoustic absorber made of rubber with tungsten particles 
was set in front of the ultrasonic transducer for the purpose of 
absorbing multiple-reflection in SS pipe wall. 
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Fig-3: Experimental Apparatus 
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Fig-4: Schematic Diagram of Experimental Apparatus 
 

 
Fig-5 shows the results of the measurements. The 

transducer was excited by rectangular 4-pulse waves with 
basic frequency from 1.5 to 2.0 M Hz. The upper waveforms in 
Fig-5 are ultrasonic waveforms received by the hydrophone, 
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and the lower curves are their spectrums obtained by FFT 
function of oscilloscope. 

It was experimentally confirmed that central frequencies of 
spectrums of ultrasonic waves penetrated through SS pipe are 
roughly equal to the excitation frequencies. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5: Waveforms and Spectrums of Ultrasonic Waves 
Penetrated through Metal Pipe (1st wave indicated in Fig-4) 

 
Fig-6 and Fig-7 show the models of split ultrasonic beams 

at the interface between the plastic wedge and metal/plastic 
pipe, in accordance with the above-mentioned assumptions 1) 
to 3). The angles of refraction in pipe θp are different from 
each other owing to the phase velocities of L wave, SV wave, 
and each mode of Lamb waves. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig-6: Model of Split Ultrasonic Beams 
(Case-1: θw<θc) 

 
 

 
 
 
 
 
 
 
 
 
 
 

Fig-7: Model of Split Ultrasonic Beams 
(Case-2: θw>θc) 

Fig-6 shows Case-1, in which incident angle θw is lower 
than critical angle θc for L wave in the pipe, and Fig-7 shows 
Case-2, in which θw is oppositely higher than that so that L 
wave and higher-ordered Lamb waves are not existent. 

The analysis hereafter is performed in Case-2, so that it is 
simplified. 

Fig-8 shows an example of dispersion curves of Lamb 
waves. On the assumption of constant frequency, the 
intersection points between the dispersion curves and the 
horizontal bar corresponding to excitation frequency, show the 
wave numbers “k” of each mode of Lamb waves. But, all the 
modes do not necessarily occur, and only such modes occur as 
having the angle of refraction θp of less than 90 degree. 1.5MHz 1.6MHz 1.7MHz
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Fig-8: Example of Dispersion Curves of Lamb Waves [3][4] 
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6. ASYMPTOTIC SOLUSIONS 

Phase velocities Vp of Lamb waves are derived from the 
followings:  

 
Vp(Am)=ω/k(Am), Vp(Sm)= ω/k(Sm)                                         (2) 

 
In this paper, the superscript (Am) shows asymmetric mode of 
order number m, and the one (Sm) shows symmetric mode in the 
same way. 

Strictly speaking, k(Am) and k(Sm) in Eq. (2) should be the 
solutions of Eq. (1).   

However, in case that the product of wave number and 
plate thickness “kd” is large, phase velocities Vp of 0-ordered 
Lamb waves asymptotically come near sound velocity of 
Rayleigh wave VR, and Vp of higher-ordered Lamb waves 
asymptotically come near sound velocity of SV wave Vs. 
Asymptotic solutions of phase velocities of Lamb waves Vp 
are given by the following equations: 

 
- Asymptotic solutions of Vp of 0-ordered Lamb waves: 

Vp(A0)= Vp(S0)= VR                                                          (3) 
 

- Asymptotic solutions of Vp of m-ordered Lamb waves (m=1, 
2, ---): 

      Vp(Am) =ω/{(ω/Vs)2-(2mπ/d)2}1/2

Vp(Sm) =ω/{(ω/Vs)2-((2m+1)π/d)2}1/2

 
In the case of analysis in this paper, “kd” is nearly 24, 

where pipe thickness d is 5.9 mm, Vs of SS is 3075 m/s, and 
transmitted frequency (hereafter excitation frequency is called 
transmitted frequency) is 2 MHz. Therefore, kd is considered 
large enough so that the asymptotic solutions of Eq. (3) and (4) 
are satisfied in following analysis. 

(4)

S mm:Symmetric ode(m=0,1,2,･･･)
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Sound velocity of Rayleigh wave VR is the solution of the 

following equations: 
 

      L={1-(VR/Vl)2}1/2

S={1-(VR/Vs)2}1/2                                                            (5) 
4LS-(1+S2)2=0 

 
In the case of SS pipe analyzed in this paper, VR is 

calculated to 2854 m/s by  Eq. (5), where Vl is 5790 m/s. 
Therefore, VR is a little smaller than Vs of above-mentioned 
3075 m/s, and has almost no frequency characteristics. 

7. FORMULAS FOR THE ANALYSIS 

Formulas for the analysis are described below: 
 

1) Angle of refraction: θp 
θp(Am)=sin-1(Vp(Am)/Cw/sinθw) 
θp(Sm)=sin-1(Vp(Sm)/Cw/sinθw) 

where Cw: sound velocity in wedge 
 
2) Group velocity: Vg 

Vg(A0)=Vg(S0)=VR
Vg(Am)=Vs2/Vp(Am)   (m=1,2,---)
Vg(Sm)=Vs2/Vp(Sm)    (m=1,2,---) 

 
3) Transit time in pipe: τ 

τ(Am)=d/cosθp(Am)/Vg(Am)

τ(Sm)=d/cosθp(Sm)/Vg(Sm) 

 
4) Radius shift of velocity profile: re

      re (Am)= Cf ( τ(Am) - τ(Vs) ) cosθf 
re (Sm)= Cf ( τ(Sm) - τ(Vs) ) cosθf 

where Cf: sound velocity in fluid 
θf: refraction angle in fluid 
τ(Vs): transit time of SV wave in pipe 
 

5) Velocity profile of turbulent flow: V(r) 
V(r)(Am)=Vmax{1-(r- re (Am))/R}1/n

V(r)(Sm)=Vmax{1-(r- re (Sm))/R}1/n

n=2.1 log Re -1.9 
where R: radius of pipe 

Vmax: maximum velocity of turbulent flow profile 
Re: Reynolds number 

 

8. RESULTS OF THE ANALYSIS 

Fig-9 to 12 are the results of the analysis based on the 
assumptions up to here for the case of Fig-1, where the pipe is 
SS one with inner diameter of 102.2 mm and thickness of 5.9 
mm, and resonance frequency of transducer is 2 M Hz, Vs is 
3075 m/s, Vl is 5790 m/s, incident angle θw is 46.9 degree, and 
sound velocity in wedge is 2730 m/s. 

Fig-9 shows the results of calculation of Eq. (6). Refraction 
angle of mode A2 of Lamb waves reaches critical angle 90 
degree around 1.9 MHz of transmitted frequency, and in the 
same way that of mode S1 reaches around 1.4 MHz. These two 
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Fig-9: Angle of Refraction vs. Transmitted Frequency 

(Results of calculation) 
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Fig-10: Transit Time vs. Transmitted Frequency (9)
(Results of calculation) 
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Fig-11: Multiple Velocity Profiles Caused by Differences of  
Transit Time in SS Pipe (Results of calculation at 2 MHz) 

 
 

modes are not existent in lower transmitted frequency than 
them. 

Fig-10 shows the results of calculation of transit time by Eq. 
(8). The SV’s straight line shows transit time of SV wave 
which is originally intended to be used for flow measurement 
by UVP method. Transit time of the modes A0 and S0 of Lamb 
waves is shorter than that of SV wave, and the transit time of 
the other higher-ordered modes is longer than that of SV wave. 
Especially, the modes, whose angles of refraction θp are near 
critical angle 90 degree, have long transit time in the pipe. 

Fig-11 shows the results of calculation on the multiple 
velocity profiles caused by the differences of transit time 
between SV wave and each mode of Lamb waves, based on Eq. 
(10), where transmitted frequency is 2 MHz. Each of split 
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waves has different transit time in SS pipe, because of 
differences of group velocities Vg and angles of refraction θp 
in SS pipe. It is considered that the original velocity profile got 
by SV wave and interferential velocity profiles caused by 
Lamb waves, which shift in horizontal axis owing to different 
transit time in SS pipe, overlap to each other and induce 
erroneous velocity profile as a result. 
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Fig-12: Flow Rate Error vs. Transmitted Frequency 
          (Results of calculation) 
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Fig-1: (Re-carried) Flow Rate Error vs. Transmitted Frequency 

(Results of measurement) 
 
 
Fig-12 shows the results of calculation on the flow rate error 

caused by split ultrasounds according to the assumptions up to 
here. The flow rate error was calculated by averaging multiple 
profiles and integrating the averaged profile around the central 
axis of circular pipe section. The flow rate error becomes at the 
maximum around 1.4 MHz and 1.9 MHz of transmitted 
frequency, corresponding to the frequencies where angles of 
refraction for Lamb waves reach critical angle 90 degree in 
Fig-9.  

Compared with the results of Fig-12, the test data of Fig-1 
roughly coincides with Fig-12, therefore it is considered that 
dispersion due to Lamb waves is surely occurring in 
metal/plastic pipe and induces the frequency characteristics of 
accuracy for non-invasive UVP flow measurement. 

Furthermore, in Fig-12, it must be commented that all split 
ultrasounds effect on the accuracy equally. In other words, it is 
assumed that UVP flow meter has the same measuring 
resolution for all the modes, regardless of their intensity. 

As the pipe diameter becomes bigger, the ratio of transit 
time in pipe to one in liquid becomes smaller. Therefore, the 
magnitude of frequency characteristics is inversely 
proportional to the inside diameter of pipe. 

 
 

Fig-13 shows the test facility used for the measurement of 
Fig-1. An ultrasonic detector was located by about 10D 
downstream from a flow conditioner to make the flow 
axis-symmetric. Air was injected into water from the suction 
side of upstream pump and broken into micro bubbles as 
velocity field tracers. Flow rate error was calculated from the 
average output value in three minutes of UVP flow meter, in 
comparison with that of an EMF (electromagnetic flow meter) 
used as the reference meter. The EMF was calibrated within 
±0.1% uncertainty. In this paper, all measurements were 
performed at average velocity of 2 m/s. 
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Fig-13: Test Facility of Accuracy Evaluation 
 

9. COUNTERMEASURES AND THE EFFECT 

To conquer the frequency characteristics analyzed as above, 
and to realize high accuracy non-invasive UVP flow meter, 
countermeasures are taken as below: 

1) Specific transmitted frequencies are calculated, where 
the angles of refraction for all relevant modes of Lamb waves 
reach critical angle 90 degree. And as shown in Fig-14, the 
excitation frequency is set to the average value of two of them 
in the range near resonance frequency of transducer. This is 
aimed at avoiding the angles of refraction for Lamb waves to 
become the critical angle, where flow rate error would reach at 
the maximum. 

2) As shown in Fig-14, there is still possibility of 
occurrence of the offset error even though the excitation 
frequency is set as described above. Therefore, it is thought 
that this offset error should be corrected by the actual flow tests, 
using such standard piping as shown in Fig-13. 
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Fig-14: Countermeasures for Frequency Characteristics 
 

— 99 —



 
It was confirmed that the accuracy was surely improved by 

setting the excitation frequency at the average value between 
two frequencies, where angles of refraction of Lamb waves 
reach the critical angle. 
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ABSTRACT 
In this paper, the essential effect by utilizing shear waves in metal pipes is described in order to improve the 

accuracy of non-invasive UVP (Ultrasonic-Doppler Velocity Profile) flow measurement along with the 
transmission/reception efficiency through metal pipe. If the incident angle of ultrasonic transducer from wedge onto 
metal pipe is set to an angle so as to generate L (longitudinal) waves in metal pipe, SV (shear vertical) waves will be 
also excited in metal pipe and the ultrasonic transducer will receive two echo signals that correspond to the L wave 
and the SV wave in metal pipe. 

To avoid this double-beam effect, the incident angle of ultrasonic transducer is selected so that the angle of 
refraction in metal pipe is larger than critical angle of 90 degree for L wave and smaller than that of SV wave, then 
exciting only SV waves in metal pipe. The authors have got the perspective to be able to achieve high accuracy of 
±0.5% for the velocity range of  more than 1 m/s ,by optimizing incident angle, reducing multiple reflection and 
adjusting excitaion frequency of ultrasonic transducer. 

 

Keywords:  Shear wave, Incident angle, Multiple reflection, Acoustic noise, Accuracy, Efficiency 

 
 

1. INTRODUCTION 

Recently, UVP method has been often reported as a flow 
mapping technology. Some papers have also shown the 
performance of UVP flow meter aimed at industrial use, 
succeeding in highly accurate flow rate measurement mainly as 
an invasive type flow meter, that is, a flow meter with wetted 
transducers [1][2]. However, it is the authors’ understanding 
that the study of UVP method as non-invasive flow metering 
has not been performed in detail so far. At this time, the 
fundamental investigation was performed on acoustic 
propagation through metal/plastic pipes in order to develop 
non-invasive type UVP flow meter, and it has been recognized 
that there are various kinds of acoustic interference waves, of 
which the influence is remarkable especially for metal pipes. 

In this paper, the essential effect by utilizing shear waves in 
metal pipes is described so as to improve the accuracy of 
non-invasive UVP flow measurement along with the 
transmission/reception efficiency through metal pipes.  

 2. CONSIDERATION ON ACOUSTIC NOISES 

UVP method receives ultrasonic echo signals reflected by  
bubbles and/or particles in measured liquid, and calculates 
velocity profiles by measuring and connecting the Doppler 
shift frequencies in all channels of the echo signals. Unlike 
ultrasonic flow meter utilizing transit time method, the 
transmission of ultrasounds and reception of echo signals are 
performed by the same transducer. 

For highly accurate measurement, it is essential to reduce 
acoustic interference, which is mainly induced by non-invasive 
measurement. The would-be acoustic interference is divided 
into 3 categories as below: 

 
1) Double beam effect:  

L (longitudinal) wave and SV (shear vertical) wave are 
generated in pipes as fundamental waves in case of 
non-invasive measurement. 

2) Multiple reflection: 
 Acoustic interference waves are excited at the interface 

between two mediums with different acoustic impedances. 
The authors especially raise multiple reflection in metal 
pipes. 

3) Dispersion effect:  
Lamb waves are generated due to finite pipe thickness, 

causing split beams in different modes in pipes and then 
producing frequency characteristics of accuracy.  

 
In this paper, the influence of categories 1) and 2) is 

described along with their countermeasures. As for dispersion 
effect, it is reported by the authors’ other paper in detail, and 
only the test data on accuracy are introduced. 
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3. DOUBLE BEAM EFFECT 

3-1. MECHANISM OF DOUBLE BEAM EFFECT 
 

Generally speaking, there are three kinds of acoustic 
propagation modes in a solid medium with infinite dimensions, 
L (longitudinal) wave, SH (shear horizontal) wave and SV 
(shear vertical) wave. L wave is a wave that moves in parallel 
to particle displacement, and shear waves such as SH and SV 
waves are ones that move normal to particle displacement. 

The sound velocity of L wave is approximately twice larger 
than that of shear waves in general. 

When ultrasounds propagate from medium-1 to medium-2, 
angle of refraction in medium-2 is determined by the two 
sound velocities and incident angle into medium-2, yielding to 
the Snell’s law. Therefore, the maximum value of incident 
angle is limited to the one calculated by the following equation: 

 )(sin
2

11

c
c

c
−=θ       （cBB1BB ＜cBB2BB）                     (1) 

where cBB1BB: sound velocity in medium-1, cBB2BB: sound velocity in 
medium-2 . 

If incident angle of ultrasonic transducer from wedge onto 
pipe is set to an angle so as to generate L waves in the pipe, SV 
waves will be also excited in the pipe as shown in Fig-1(a), and 
the ultrasonic transducer will receive two echo signals that 
correspond to the L wave and the SV wave in the pipe as 
shown in Fig-1(b). 

The echo signals include the same velocity profile 
information, though they are superposed on each other with 
different transit time in the pipe. 

Therefore the measured velocity profile will be erroneous 
without measures against this double-beam effect as shown in 
Fig-2. This effect is remarkable for metal pipes, and is 
inversely proportional to the inside diameter. 
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Fig-1: Acoustic Propagation below Critical Angle of 
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Fig.2: Velocity Profile by Double Beam Effect 
 

For example, the critical angles in SS (stainless steel) pipe 
are calculated as 28.1degree for L wave and 61.7 degree for SV 
wave by the Eq. (1), since sound velocities are 5790 m/s for L 
wave in SS, 3100 m/s for SV wave in SS, and 2730 m/s for L 
wave in the plastic wedge 

When calculating these critical angles at the interface 
between water and SS pipe, they are 14.9 and 28.8 degree in 
water for L wave and SV wave in the pipe respectively. 
 
3-2. COUNTERMEASURES AND SIDE EFFECT 
 
(1) IMPROVEMENT OF WAVEFORM 
 

As mentioned above, two kinds of ultrasonic waves will be 
excited in the pipe if the incident angle is lower than the critical 
angle for L wave in the pipe. It is considered that the 
transmitted waveforms from the pipe into liquid would be 
superposed to each other by this double beam effect. The 
relation between the incident angle of ultrasonic transducer 
and the transmitted waveform was experimentally investigated 
by using the setup as shown in Fig-3. 

An ultrasonic transducer with resonance frequency of 2 
MHz and diameter of φ13mm was used as the transmitter, and 
a hydrophone was used as the receiver. These were set into a 
water tank so as to be in parallel to each other, locating the 
circular disc that can be tilted between them.  

The transducer can widely transmit ultrasounds in the 
frequency region of 1.5 to 2.5 MHz because of low-Q. The 
transducer was excited by sinusoidal 4-pulse waves with 2 
MHz. The hydrophone has a wide measurable range from 0.5 
to 5 MHz, and was connected to the oscilloscope with FFT 
(fast Fourier transform) function.  

The plates were PVC and SS ones 6mm thick.  
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Fig-3: Setup for  Investigation of Waveforms 
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Table-1: Transmitted Waveforms through PVC/SS Plates 

 

Tilted angle of plate (equal to the incident angle against the plate)  
0 deg 8 deg 16 deg 23 deg 

PVC 
plate 

    

SS plate 

    

 

 
 

Fig-4: Reference Waveform without Plate 
 
Table-1 shows the test results of transmitted waveforms 

through PVC/SS plates by changing the tilted angles of the 
plate. In this table, upper waveforms are ones detected by the 
hydrophone and lower curves are their frequency spectrums 
analyzed by the FFT. 

Fig-4 shows the reference waveform and spectrum without 
the plate. In case of PVC plate, the transmitted waveforms 
were similar to the reference one, and the central frequencies of 
the spectrums remained at ca. 2 MHz, independent of the tilted 
angles. 

The sound velocity of SV wave in PVC is lower than that 
of water. Therefore the critical angle does not exist for SV 
wave, because of not satisfying the condition for Eq. (1). On 
the other hand, the critical angle is driven to 33.3 degree for L 
wave, therefore only L waves exist in PVC plate, and there is 
no double beam effect.  

In case of SS plate, the critical angle is calculated as 14.4 
degree for L wave. The transmitted waveforms of the tilted 
angle 0 or 8 degree were distorted compared to the reference 
waveform. Especially, it was confirmed that resonance 
phenomenon is occurring at 0 degree. In the spectrums, the 
central frequencies shift to lower frequency region than 2 
MHz.  

When the tilted angles were set to 16 or 23 degree of more 
than the critical angle for L wave, the waveforms were similar 
to the reference one, and also the spectrums remained almost 
the same as the reference one. 

The double-beam effect was confirmed directly by 
investigating the transmitted waveforms and spectrums of 
ultrasounds penetrated though metal/plastic pipes.   
 

 
(2) IMPROVEMENT OF TRANSMISSION INTENSITY  
 

Furthermore, the relation between transmission intensity 
through SS plate into water and refraction angle in water 
(equivalent to incident angle) was investigated by using the 
same setup as shown in Fig-3. Fig-5 shows the result, in which 
the vertical scale indicates the ratio of acoustic pressures 
measured by the hydrophone with/without the SS plate.  

Based on this test result, the refraction angle in water has 
been set to 23.5 degree for the detector of non-invasive UVP 
flow meter, taking into account the followings: 

 
1) The incident angle of ultrasonic transducer onto pipe should 

be larger than the critical angle for L wave in metal pipe, and 
smaller than that of SV wave to avoid the double beam 
effect. 

2) The incident angle of ultrasonic transducer onto pipe should 
be set to near the peak of transmission intensity into water 
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Fig 5: Transmission Intensity vs. Incident Angle 
 

If only shear waves are utilized in metal pipes, the 
transmission intensity into liquid will be also improved, 
because penetration rate of ultrasounds will increase at the 
interface between metals and liquid. However, it will cause a 
side effect in the next. 
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(3) LIMITATION OF MAXIMUM VELOCITY 
 

If utilizing SV wave in metal pipes, the maximum velocity 
of UVP method will be limited to lower value than that in case 
of L wave. The Doppler shift fBBDBB is expressed by   

0sin2 f
C
Vf

f
D 










= α　                                          (2) 

where V: velocity, CBBfBB: sound velocity of liquid, α: refraction 
angle in liquid, fBB0BB: basic excitation frequency of ultrasonic 
transducer.  

Because pulse repetition frequency (PRF) corresponds to a 
frequency of the sampling theorem, the PRF needs to be set to 
more than twice the maximum Doppler shift. 
Besides, PRF needs to be adjusted so that twice of transit time 
from transducer to opposite wall is smaller than that of PRF.  
Therefore, PRF is restricted by the following:  

 
2fBBDBB ≦ PRF≦1/(twice of transit time)                (3) 

 
Then, the maximum velocity VBBmaxBB is given by  

αtan8 0

2

max Df
C

V f≤　                                               (4) 

where D: inside pipe diameter. 
Table-2 shows the comparison between refraction angle in 

water of 8 and 23.5 degree. The maximum velocity is limited to 
one-third or so by the adoption of only SV waves in metal 
pipes. However, it is possible to incrase the maximum velocity 
by lowering resonance frequency of ultrasonic transducer. 
 

Table-2: Comparison between Different Refraction Angles 
 

Refraction angle  
in water 8deg 23.5deg 

Inside diameter 100 mm 
Frequency 2 MHz 

Propagation mode L wave + SV wave SV wave 
Maximum velocity 19.9 m/s 6.4 m/s 

 

4. MULTIPLE REFLECTION 

As for acoustic interference, there would be various types 
such as below (refer to Fig-6):  

a) Multiple reflection in pipe wall 
b) Multiple reflection between inside wall surfaces 
c) Combination of a) and b) 
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Fig-6: Multiple Reflection 

 

It is of crucial importance for non-invasive UVP 
measurement to reduce the above-mentioned interference that 
might cause the similar effects same as double beam effect. 
That is because many of transmitted ultrasounds come back to 
the transducer after scattered by reflectors in liquid or reflected 
by piping devices.  

To avoid the interference, acoustic absorber made of 
material with high acoustic impedance, such as rubber with 
tungsten particles, should be installed in front of transducer so 
as to absorb the interference waves of type a), and then type c). 
Fig.7 shows the detector’s configuration for non-invasive UVP 
flow meter. 

On this matter, the authors think that more detailed and 
comprehensive studies will be needed in the future. 
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Fig.7: Configuration of Detector 
 

5. EVALUATION OF ACCURACY 

5-1. EXPERIMENTAL SETUP 
 
Based on the fundamental analysis and tests as mentioned 

above, the accuracy tests were performed by using the test 
facility as shown in Fig-8. 

The tests were done for PVC pipe and SS pipe with nominal 
diameter of 100 mm and thickness of 4.8 mm and 5.9 mm 
respectively. The detector was installed on the pipe surface by 
10D downstream from a flow conditioner. The accuracy 
evaluation was performed by so-called the comparison method 
with an EMF (electromagnetic flow meter). The EMF was 
calibrated within ±0/1% by gravimetric method. The liquid 
was water that contains air bubbles as velocity field tracers. Air 
was injected into water on the suction side of upstream pump, 
and was broken into micro bubbles by the pump. 

In case of PVC piping, the acoustic absorber was not used 
because the effect of the acoustic interference is small. 
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Fig-8: Test Facility for Accuracy Evaluation  
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5-2. EFFECT OF SHEAR WAVES  

In order to confirm the effect of shear waves, the accuracy 
tests were performed, using two types of wedges made of 
Plexiglas to cause two different refraction angles in water of 8 
degree and 23degree, and comparing those flow profiles. As to 
the excitation frequency of ultrasonic transducer, it was set to 2 
MHz that corresponds to the resonance frequency of 
piezoelectric device. 

Table-3 shows the velocity profiles and accuracy at that 
time. 

As for the velocity profiles, it was confirmed that those of 
23 degree are smoother than those of 8 degree for both cases of 
PVC pipe and SS pipe. 

As for the accuracy, it was confirmed that the accuracy in 
case of 8 degree is less than 7 % of rate for PVC pipe and ca. 
20% of rate for SS pipe. On the contrary, it was confirmed that 
the accuracy in case of 23 degree is ca. 2% of rate for PVC pipe 
and ca. 4% of rate for SS pipe. 
    From these results, it was concluded that the adoption of 
only SV waves in metal pipes has take advantage over that of L 
waves and then SV waves in addition. 
 

5-3. FREQUENCY CHARACTERISTICS  

Additionally, the authors have got the fact that the excitation 
frequency effects on the accuracy of non-invasive UVP 
measurement. The mechanism and analysis is shown in 
authors’ other paper in detail. Therefore, in this paper, were 
shown the test results of the frequency characteristics and the 
effect after tuning the excitation frequency.  

Fig-9 shows one example of the frequency characteristics. 
Fig-10(a) and (b) show the test results on the accuracy applied 
to SS pipe and CS pipe. 

 
 

Table-3:  Comparison of Velocity Profile and Accuracy  
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Fig-9: Frequency Charactristics for SS Pipe 
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Fig.10(a): Accuracy in Case of SS Pipe 
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Fig-10(b): Accuracy in Case of Carbon Steel Pipe  

 
 
 
 
 
 
 

6. CONCLUSIONS 

The accuracy of non-invasive type UVP flow meter was 
improved by avoiding double-beam effect and reducing 
multiple reflection. It was also commented that the accuracy 
was improved by tuning the excitaion frequency.  

The wedge angle of ultrasonic transducer was selected so 
that incident angle onto metal pipe is larger than the critical 
angle for L wave in the pipe and smaller than that of SV wave, 
then exciting only SV waves in the pipe. Furthermore the 
acoustic absorber was installed in front of ultrasonic transducer 
for the sake of absorbing the multiple reflection in the pipe. 

As a result, it was confirmed that the accuracy would be  
±0.5% for the average velocity of 1 to 2m/s even if UVP 
method is applied to non-invasive flow meseasurement. 
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INTRODUCTION

Lead bismuth eutectic (LBE) is a potential target for
spallation neutron source as well as a coolant material of the
sub-critical fast reactor in the concept of the nuclear
transmutation system driven by the high-energy proton
accelerator.[1] In the R&D of the target system it has been
found that a local flow affects the corrosion-erosion rate of the
materials and the thermo-mechanical design of the target
window where the incident protons bombard. For example, the
projected electrode of electro-magnetic flow meter in the flow
channel was eroded under the flowing LBE. Material samples
for corrosion test were eroded locally. Dissolved elements of the
structural material into LBE at the hot leg deposit in the form
of polycrystals at the cold leg as a result of mass transfer
mechanism in the closed channel.[2] The target window
disturbs LBE flow and heat transfer is deteriorated. Ultrasonic
method is expected to be a powerful tool to visualize a flow
pattern in the particular area of LBE components in order to
optimize the flow distributions. It can reveal the flow pattern in
the other application such as the liquid mercury.[3] So we
applied this technique to LBE.

     There are technical issues to be considered the ultrasonic
method techniques applied to LBE. It is a boundary property on
the ultrasonic wave penetration between the vessel and LBE.
Firstly, working temperature should be higher than 124.5oC,
melting point of 45Pb-55Bi(w%) eutectic alloy. Oxygen has a
very important role for handling LBE at high temperature.
Oxygen dissolves into LBE. Dissolved oxygen makes Fe oxide

on the surface of the steel. Saturated oxide in LBE reacts with
Pb and makes PbO.[4] It is inevitable that Pb will be oxidized
at high temperature without control of the oxygen content in
LBE. Though the corrosion test of the austenitic stainless steel
the oxide is too small to detect under 400oC. But over 450oC
the stainless steel was corrosion-eroded and the oxide layer was
made.[5] The surface of stainless steel was covered with
solidified LBE even after draining out of the container over
450oC. Secondly, wetting property may affect the measuring
efficiency by the ultrasonic method.  If the LBE container is not
wet, supersonic sound will be reflected at the boundary between
the metal container and LBE. Then the echo signal from the
LBE will not be given.

EXPERIMENTAL METHOD

Fig.1 illustrates the ultrasonic echo measurement in order to
know the intensity of the reflected ultrasonic wave at the
interface of the vessel and materials and/or reflector in LBE.
Materials used are water and LBE. Test temperatures are RT for
water and 140oC for LBE, respectively, both in air. The
reputation frequency of ultrasonic probe used is 4MHz, type
TH4-5-8 [6]. The ultrasonic probe is attached to the cylindrical
container with 80mm diameter made of the austenitic stainless
steel or acrylic resin with using a matching medium. A
reflector plate made of stainless steel is set up in LBE in order
to reflect the ultrasonic waves. Several types of the vessel are
used. The vessel surface is round because of a part of cylinder

SURFACE DECORATION OF STAINLESS STEEL FOR LBE FLOW
MEASUREMENT BY ULTRASONIC TECHNIQUES
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ABSTRACT

Ultrasonic techniques were applied to lead bismuth eutectic (LBE). LBE melts at 124.5oC. Below 400oC the
austenitic stainless steel is not easily corroded in a saturated oxygen content  and LBE often adheres on the steel.
However, adhered LBE can be removed by blushing easily. So LBE was not bonded strongly to the steel. When the
steel is submerged into LBE, LBE will contact with the steel except for the interface among LBE, gas and metal
where the surface energy controls the shape of the free surface in LBE. It is supposed that LBE will transmit
ultrasonic wave into LBE through the contacting area. However, the ultrasonic echo was too low to detect from the
steel container filled with LBE. The measurement was improved by coating the interface between the steel and LBE
with the SnPb solder. After an immersion test the steel surface was covered with thin LBE layer. The thickness of
the layer is only 10 to 20 µm.  So it will not disturb the flow pattern where UVP is applied. Sn was not detected by
X ray analyses. This is an evidence how the steel was wetted in LBE and how the ultrasonic wave transmitted though
the interface of LBE and the steel.

Keywords:  LBE, Ultrasonic wave, Wetting, Austenitic stainless steel, Solder, X ray analyses
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and an edge surface of the ultrasonic probe is flat. In order to
avoid mismatching of the face-to-face contact, one vessel
surface is flattened by machine process at the outer side surface
in order to examine the contacting quality. But the internal
surface is still round. Ni coated the internal surface of one
vessel. Ni is expected to cover the surface roughness after the
machining of manufacturing process and to avoid the surface
from the oxidation. The internal surface of another vessel was
coated by Sn-Pb solder.

RESULTS

Table 1 summarizes the results of the echo intensity
measurement. The echo intensity E(x) for IDX ( X=2 to 8)
is defined by the relative value to the reflected wave height at
ID1. In the definition it is also considered that the wave height
is proportional to the input voltage.  

E(x)=20Log[wave height at IDX / wave height at ID1]

The echo intensity from the vessel without any treatment
and the reflector plate in LBE was too low to measure (ID5).
On the other hand, when the supersonic probe was directly
submerged into LBE from the top free surface (ID4) in Fig. 1,
the high intensity of the echo signal was detected from the
bottom plate. Then the probe was attached to the flattened part
of the vessel, but the echo signal was still too low to detect

Fig. 2 Optical microscope of internal surface of the vessel
(ID8). The vessel diameter is 8 cm. (a): Image before est, (b):
Image after test.

(ID6). Ni coated vessel also did not help obtain the echo signal
(ID7). The echo signal was high enough to measure only in the
solder coated vessel (ID8). At a time of sixty hours melting
LBE in the vessel the echo signal was measured sufficiently. In
the process there are twelve cycles of LBE processing. LBE was
melted, kept 140oC during five hours and then solidified. For
water the echo intensity was the highest among the
measurements when it directly submerged into water(ID1).
When the measurement was done from outside the acrylic resin
(ID2), the echo intensity is still very high. However, the wave
height became small from the outside of stainless steel (ID3).  

(a)

Air/LBE

interface

(b) 20 mm

ID Vessel  Material Echo intensity, dB Wave height Input voltage,V Temperature,℃ Echo detection
1 None Water 0 1.8 30 RT Good
2 Acrylic resin Water -3.5 1.2 30 RT Good
3 SUS Water -23.5 0.12 30 RT Bad
4 None LBE -8.5 0.7 30 140 Good
5 SUS LBE - 0 150 140 Bad
6 SUS (flattened) LBE -39.1 0.1 150 140 Bad
7 SUS(Ni coating) LBE -39.1 0.1 150 140 Bad
8 SUS(Solver coating) LBE -25.1 0.5 150 140 Good

Note: Wave height is proportional to input voltage.

Table 1 Echo intensity of ultrasonic waves

US probe

reflector SUS

vessel
material

Fig. 1

matching
Lt

UVP-DUO
ECHO

oscilloscope

TH4-5-8

medium

Fig.1 Illustration of ultrasonic echo measurement.

— 108 —



(a) (b) (c)

(d) 10hrs (e) 60 hrs

            Fig.3 Submerged test of coated plates into LBE.

10 mm

Fig.2 shows the optical microscope images of the internal
surface of the vessel (ID8) before and after 60 hrs exposures to
the melting LBE. SnPb solver was coated partly in the vessel
(a). Coated material still existed. Geometrical feature of coated
area looks same in both images. The surface became rough,
especially, at the interface of air and LBE. It should be noted
that the echo intensity was high at the coated area but too low
to detect at the uncoated area as experienced inID5. Uncoated
area was not wetted by LBE.   

DISCUSSION

At relatively low temperatures where the austenitic stainless
steel is not corroded, ultrasonic method cannot be applied for
measurement of LBF flow because the echo intensity will be
too low to measure. However, the surface of the vessel is
decorated by SnPb solver, this techniques will be applied.
Question is why? Key issue is the wetting property between
LBE and the vessel material. The wetting property is related to
the surface energies at the contacting area ob LBE. If the steel
surface is not wetted, the gaseous layer may exist between LBE
and the steel where ultrasonic waves will not transmit to LBE
because of the different impedance of the material. Although
after the test (ID8) there was material remained on the wall as
shown in Fig.2 (b) there was no evidence with regards to the
wetting property in LBE.

So we did test to examine a change of surface state of coated
solver and LBE by submerging the reflector plates into LBE
for sixty hours. Three plates made of SUS316 were prepared.
One is a standard sample without any use in LBE. The other
two specimens were submerged into LBE during 10 and 60 hrs,
respectively. Fi.3 shows the optical microscope images of
three plates. Figs.3 (a), (b) and (c) show the plates coated with
the SnPb solver. SnPb solver was coated on the three plates in
the same manner. Fig.3 (d) shows the plate (b) submerged into
LBE during 10 hours. Fig 3(e) shows the plate (c) submerged
into LBE during 60 hours. Surface morphologies of (d) and (e)
look different from their originated images of (b) and (c),
respectively. The cross sections of the plates were examined by
the X-ray analyzer. It was found that Sn disappeared in the
plates of (d) and (e) but Bi was detected in the remained
materials on the plates as shown in Fig.4. The melting point of
Sn Pb eutectic and LBE are 183oC and 124.5 oC, respectively.
It is, however, thought that bismuth diffuses into coated SnPb
and makes LBE in the solidified material on the plates. Optical
microscope observation of the plate cross-section showed that
thickness of coated layer was 500mm but reduced to 10 to 20
µm after immersion in LBE. Fig.5 showed the photos of the
cross section. The thickness of the coated materials on the
plates was 500 mm. After immersion in LBE it reduced to
10mm by 60 hrs. Conclusively the coated material is so wetted
that the supersonic sound can be transmitted at the interface of
the steel and LBE. Fig.4 X-ray analyses of cross-section of coated SUS 316.

         

SnPbSEM

SEM Pb Bi
10µm

(a) Before immersion in LBE

(b) After 60 hrs test
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CONCLUDING REMARKS

The ultrasonic wave property in the steeland LBE was
examined at 140oC in air. SnPb solder makes possible to detect
the sonic wave by enhancing wetting property of the steel.
SnPb eutectic disappeared from the plate surface and PbBi
eutectic covered the materials on the SUS316 plate. The
thickness of the covered PbBi layer was 10 to 20µm.
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INTRODUCTION 

This paper proposes a new measurement technique for 
multi-phase flow using Multi-wave TDX and ultrasonic 
method.  

Zhou et al. [1] developed a system to measure the velocity 
fields in bubbly flows by means of ultrasonic Doppler method 
(UDM). When the UDM is applied to two-phase bubbly flow, 
ultrasonic pulses are reflected on both seeding micro-particles 
in liquid-phase and gas-liquid interfaces. Hence, the velocity 
data measured by the UVP monitor will include velocity 
information of both phases. 

To apply the statistical method to the UDM, the relation 
between flow condition and ultrasonic beam diameter is an 
important factor. With the increase of void fraction, the 
possibility of bubbles’ crossing the measuring line increases. 
Furthermore, the relation between bubbles’ size and TDX’s 
beam diameter is important as well. On the other hand, if an 
adequate diameter of TDX is applied for multi-phase flow, 
each phase velocity can be measured using these relations. 

To measure liquid velocity distribution at higher sampling 
frequency and better spatial resolution, ultrasound correlation 
method (UTDC) was developed [2]. This method is based on 
cross-correlation between two consecutive echoes of 
ultrasonic pulses to detect the velocity. Yamanaka et al. [3] 
tried to apply this method for two-phase bubbly flow 
measurement. 

In this paper, a new measurement method for multi-phase 
flow is proposed using the Multi-wave TDX and ultrasonic 
methods. The Multi-wave TDX is composed of two different 
ultrasonic elements and can emit two kinds of ultrasonic 
independently. This new method employs several kinds of 
particles whose sizes are greatly different. For each particle, if 

the TDX of an appropriate size can be selected, the measured 
velocity PDF mainly includes a particles’ velocity suitable for 
the TDX’s diameter. As the measurement volume changes, the 
majority of the recorded velocity also changes for each 
particles size. At first, measurements of bubbly flow using the 
UDM and the Multi-wave TDX are conducted. Using these 
methods, the bubbles’ rising velocity and liquid velocity 
distributions are obtained at the same time. Furthermore, to 
clarify the accuracy of the measuring multi-phase flow, 
ultrasound time-domain correlation method is applied.  

 

EFFECT OF MEASUREMENT VOLUME 

Measurement system of the UDM consists of Ultrasonic 
Velocity Profiles monitor (UVP-monitor) and TDX. 
Ultrasonic pulses reflect on liquid-gas interfaces, so the 
measured velocity profiles must be divided into gas and liquid 
velocity information. By adopting the UDM to bubbly-flow 
measurements, the liquid velocity information can be 
calculated using statistical method [4]. The first step in 
dividing the velocity information is to obtain the probability 
density function (PDF) of all measured instantaneous 
velocities at each measuring position. Bubbles rising velocity 
is faster than liquid velocity in the case of upward bubbly-flow. 
Hence, an instantaneous velocity profile has a typical peak if a 
bubble crosses the measuring line.  

Fig. 1 shows an example of velocity PDF at a channel 
position for each TDX [5]. The velocity was measured in 
co-current upward bubbly flow in a rectangular channel (20 x 
100 mm2). Because the bubble rising velocity is higher than the 
liquid velocity, the velocity PDF of the bubbles is higher than 
that of the liquid at each channel. As a result, velocity PDF can 
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ABSTRACT 

This paper proposes a new measurement technique for multi-phase flow. To measure two kinds of phases at the 
same place and the time, Multi-wave TDX was newly developed. This TDX includes the two different ultrasonic 
elements. At first, this TDX was applied for ultrasonic Doppler method (UDM). As changing of the measuring 
volume of the ultrasonic, the measured data using the UDM change. Applying the effects of measuring volume, the 
liquid velocity and the bubbles’ rising velocity are obtained using the UDM in two-phase bubbly flow. Furthermore, 
applying ultrasound correlation method (UTDC) for the Multi-wave TDX, the bubbles’ rising velocity can be 
obtained at more accurately. With emitting two kinds of ultrasonic at the same time, two different signals can be 
obtained. Comparing with the each signal, the bubbles’ velocity information can be eliminated from the other signal. 
Using the UTDC and the signal comparison method, the velocity distribution can be obtained at the same time and 
the position. This method does not need the velocity difference between two objects, such as the bubbles and the 
liquid. Hence, this method can be applied for other multi-phase flow. 

Keywords: Multi-wave TDX, UDM, UTDC, and Multi-phase flow
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be calculated as shown Fig. 1. The probability of bubbles’ 
crossing the measuring line becomes higher with the increase 
of TDX’s diameter (Dus). At Dus=2.5mm, the velocity PDF has 
a peak value at the mean liquid velocity. However, at the 
condition of Dus=5mm, the maximum value of the PDF 
becomes higher to the velocity around bubbles’ rising velocity 
and has two peaks. Furthermore, the PDF has one maximum 
and peak value at Dus=10mm. If the void fraction (α) becomes 
low, these PDF also change. Taking into account these 
characteristics, TDX must be selected as related to the relative 
diameters between bubbles and Dus, and void fraction. The 
bubble diameter of this condition was about 3-4mm and void 
fraction was 1.8%. From these results, about Dus=2.5mm must 
be selected to measure the liquid velocity under this condition. 
On the other hand, about Dus=10mm, the measured data mainly 
include the bubble rising velocity. This is the reason why that if 
the Dus increases, ultrasonic reflection on the particle relatively 
decreases for its element diameter. 

 

MULTI-WAVE TDX 

The attempt to measure the velocity of each phase was 
performed by changing the TDX’s diameter. From the result 
shown in Fig.1, Dus=10mm and 3mm were selected to measure 
the bubble and liquid velocity, respectively. 

 To emit different sizes of ultrasonic beam at the same time 
and the same position, the Multi-wave TDX is newly 
developed (Fig. 2). The new TDX consists of special ultrasonic 
element. The ultrasonic element has two basic frequencies. The 
central 3mm-diameter area has 8MHz basic frequency and the 
outer area has 2MHz frequency. Generally, the size of element 
corresponds to its basic frequency. The Multi-wave TDX can 
emit ultrasonic independently for 2MHz and 8MHz basic 
frequencies.  

 

UDM MEASUREMENTS AND METHOD 

In this study, two kinds of experiments were performed 
using the Multi-wave TDX. First experiments were measuring 
two-phase flow using the UDM. Changing of the ultrasonic 
measurement volume, the velocity probability density function 
(PDF) also changes. Using the property, both of the bubbles’ 
rising velocity and the liquid including nylon tracer particles 
were measured. The 2MHz(φ10) ultrasonic pulses mainly 
reflected on the liquid-gas interfaces. Because the ultrasonic 

pulses strongly reflect at the bubbles’ surface, and the 
possibility of bubbles’ crossing the measuring line becomes 
high. Furthermore, the 2MHz ultrasonic element of 
Multi-wave TDX is more difficult to detect particles 
comparing with normal 2MHz TDX because of its central 
holes, i.e. 8MHz element. On the other hand, the 8MHz(φ10) 
ultrasonic element can easily receive the ultrasonic pulses 
reflected on both of the particle and the liquid–gas interfaces. 

The velocity distributions were measured using X-3 PS-I 
model UVP monitor (Met Flow AG). The velocity PDFs were 
calculated from measured data at the two-phase bubbly flow. 
The 2MHz ultrasonic element is larger than that of 8MHz. 
Hence, the measured data mainly include the bubbles’ rising 
velocity. However, the measured data using the 8MHz element 
includes both of the liquid including tracer particles and 
bubbles’ rising velocity even if the condition is constant. From 
the velocity PDF, the time-averaged velocity is calculated from 
2MHz data. On the other hand, the measured data using 8MHz 
ultrasonic element include both of the liquid and bubbles’ 
rising velocity information. From these data, the bubbles’ 
rising velocities were eliminated from all of the measured data 
using statistical methods [4]. From these calculation methods, 
the time-averaged velocity distributions for liquid and gas are 
calculated using the Multi-wave TDX.   

 

UTDC MEASUREMENTS 

The UTDC is based on cross-correlation between two 
consecutive echoes of ultrasonic pulses to detect the velocity 
(Fig. 3). In this study, the UTDC was applied for bubbly flow 
measurement. Using a normal TDX, the separation techniques 
between the liquid and gas velocity information are very 
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Fig. 1 Velocity PDF depending on the measuring volume [5]
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Fig. 4 UTDC system using the Multi-wave TDX 

— 112 —



 

difficult. For this reason, the Multi-wave TDX was used for 
measuring of two-phase bubbly flow. Fig. 4 shows the 
schematic of the UTDC. The each element of the Multi-wave 
TDX was connected with each pulser-receiver (DPR300 and 
DPR35+, JSR Co. Ltd.) respectively. Hence, the ultrasonic 
pulses and their echo signals were received independently by a 
digital oscilloscope (LC-574A, Lecroy Co. Ltd.). The pulses 
were triggered with each pulser-receiver and the digital 
oscilloscope. The digital oscilloscope has the 8-bit A/D 
converter. The each signal can be recorded at a sampling of 
100MS/s. The echo signals can be compared with the 8MHz 
and 2MHz at the same time using the system. The 2MHz echo 
signal was adjusted to detect only the bubbles. On the other 
hand, the 8MHz signal was adjusted to detect both the particles 
and bubbles. It was confirmed that the signal of 2MHz could 
not detect the particles in this adjustment.  

Signal processing 

The digital oscilloscope can record both the 2MHz and 
8Mhz echo signals. Comparing with each signals at the same 
time and same position, the authors tried to divide into three 
patterns as shown in Fig. 5.  
Pattern A : 
 

2MHz signal include reflected pulse 
8MHz signal not include reflected pulse 

In the case of Pattern A, the pulse reflected on a bubble. 
Because the measurement volume of 2MHz is larger than that 
of 8MHz. Hence, the bubble is estimated to cross the only 
2MHz measuring line.  
Pattern B : 2MHz and 8MHz signal include reflected pulse 

In the case of Pattern B, the signal is apparently reflected 
pulse on a bubble’s surface.  
Pattern C : 
 

2MHz signal include reflected pulse 
8MHz signal not include reflected pulse 

In this case, the signal pattern is opposite to Pattern A. The 
signal can be regard as the particle reflection, because the 
2MHz ultrasonic was adjusted as not to detect the particles. 

 

RESULTS AND DISCUSSION 

All of the experiments were performed at vertical pipe 
(i.d.=50mm) and z/d=23 from a bubble generator. The 
experimental condition was set at constant values of mean 
Rem=8000, superficial liquid velocity JG=0.00310m/s.  

To compare the UDM and the UTDC, a measurement of 
single-phase flow was conducted. Fig. 6(a) shows the color 

map of velocity PDF for each position measured using the 
UVP monitor. From the velocity PDF, time-averaged velocity 
distribution using the UDM is calculated as shown in Fig. 6(b). 
Furthermore, the UTDC measurement was performed at the 
same condition. Comparing with each other, the velocity 
distributions are almost the same. However, error of the 
velocity increases with increase of the distance from the wall 
because of the signal intensity decreasing. Furthermore, to 
compare the bubbles’ rising velocity distribution, bubbles’ 
velocity were measured (Fig. 7). In this condition, there were 
few particles in the liquid. Hence, the velocity data measured 
using the UDM mainly include the bubbles’ rising velocity. 
The reason there are small differences between the results 
might be the effect of the small number of the including 
particles.  

Two-phase flow measurement 

To obtain the bubbles’ rising velocity and liquid velocity in 
two-phase bubbly flow simultaneously, the UDM were 
conducted using the Multi-wave TDX. The measured velocity 
PDFs using each element at the same condition were shown in 
Fig. 8. From these color maps, it can be clarified that the 
possibility of measuring the bubbles’ rising velocity is strongly 
different. In the case of the 2MHz ultrasonic element, the 
bubbles’ velocity information is dominant. On the other hand, 
it is clarified that the many of bubbles rise at the near wall 
region from the data measured using the 8MHz element. From 
these velocity PDFs, the bubbles’ rising velocity and liquid 
velocity distributions are calculated. The measured data by the 
2MHz element is considered as the bubbles’ rising velocity 
distribution because the ratio of measured particles is too small. 
On the other hands, the raw data measured using 
8MHz-element include both of the liquid and gas velocity. 
Hence, the bubbles’ rising velocity information was eliminated 
from all of the data [4].  

2MHz
 ( 10)φ

8MHz
  ( 3)φ

Pattern A Pattern B Pattern C 
 

Fig. 5 Signal patterns of the UTDC 
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Liquid velocity distribution measured using UTDC 

Fig. 9(a)-(c) show the liquid velocity distribution measured 
using UTDC and 8MHz ultrasonic element as changing of the 
data processing. The 8MHz ultrasonic reflect on the both of the 
particles and the liquid-gas interface. Hence, calculated date by 
the UTDC includes the liquid and gas velocity information. Fig. 
9(a) shows the ensemble averaged velocity distribution by all 
of the UTDC data. This data is apparent different from the 
UDM measured data. To eliminate the bubbles’ rising velocity, 
following two methods were adopted. 

As same as the UDM data processing, the information of the 
velocity difference between the liquid and the bubbles are 
considered to calculate the liquid velocity. If the velocity is 
higher than the threshold velocity, the data regarded as the 
bubble’s velocity. Following the process, the liquid velocity 
distribution was calculated as shown in Fig. 9(b) using UTDC. 
The velocity distribution is almost the same with the data 
measured using UDM. However, this method is limited to 
adaptability for multi-phase flow, i.e. the two objectives must 
have different velocity. 

To eliminate the bubbles’ information, signal comparison 
method was applied for the 2MHz and 8MHz ultrasonic signals. 
8MHz ultrasonic signals include the Pattern B and Pattern C 
(Fig. 5). From the 8MHz signals, comparing with 2MHz and 
8MHz signals, the Pattern B signals are eliminated. Using the 
Pattern C data, the velocity distribution was calculated as 
shown in Fig. 9(c).   

Bubbles’ rising velocity distribution 

Fig. 10 shows the bubbles’ rising velocity measured using 
UTDC and UDM at 2MHz ultrasonic. Comparing the 
measured data, the UDM velocity data is smaller than that of 
the UTDC. Taking into account the results of Fig. 1 and Fig. 
7(b), existence      of tracer particles decrease the bubbles’ 
rising velocity. This is why the UVP monitor measures the 
volume-averaged velocity. Hence, with decrease of the ratio of 
the particles, the bubbles’ rising velocity distribution becomes 
the same values with the result of the UTDC.  
 

CONCLUSIONS 

New measurement technique for multi-phase flow using the 
Multi-wave TDX is proposed. This method can be applied for 
the both of the UDM and the UTDC. Using the UDM, the 
liquid velocity distribution can be easily obtained. Furthermore, 
it is shown that the possibility of measuring several phases 
simultaneously using the UTDC and the Multi-wave TDX.  
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(a) 2MHz element (φ10) (b) 8MHz element (φ3) 

Fig. 8 Velocity PDF in two-phase bubbly flow 
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INTRODUCTION 

UVP (Ultrasonic Velocity Profiler), which uses ultrasonic 
pulses, is available to opaque fluids and measures 
instantaneous velocity profile along a measurement line. These 
are great advantages to HWA and optical methods such as PIV. 
There are two fundamental algorithms for UVP. The 
conventional one is “Pulse Doppler method”. This algorithm is 
versatile and used widely now. The other one is “Correlation 
method”, which has been devised in order to measure 
high-speed flow. These method, however, have threshold for 
low velocity. In this study, we suggest a new algorithm for low 
speed flow measurement, mm/s order, such as in a natural 
convection, and investigate performance of the algorithm.  

COMMON PRINCIPLE OF UVP 

An ultrasonic pulse emitted from an ultrasonic transducer is 
reflected by the particles suspended in fluid and is received by 
the same transducer. Positional information is given by the 
time of flight from emission to reception of the ultrasonic pulse, 
and velocity information is obtained by analyzing received 
echo signal. If a number of the particles is enough, ultrasonic 
pulse are reflected everywhere on the passing line of the pulse. 
Thus, UVP can measure an instantaneous velocity profile 
along the line. 

EXITING ALGORITHMS OF UVP 

A resolution of measurable velocity is a critical factor for 
the low velocity measurement. This section describes exiting 
UVP algorithms and how to be determined the resolution in 
both algorithms. 

 
1. Pulse Doppler method 

Fig.1 shows the sampling process of ultrasonic echo in Pulse 
Doppler method, where the black squares and the black circles 
express the transducer and particles respectively. The sampling 

process is expressed as follows; ○1 an ultrasonic pulse is 
emitted from the transducer, ○2 a part of pulse reflects at a 
particle and the other passes through, ○3 the “echo” from the 
particle reaches the transducer, and is translated into the 
electric signal, ○4 it is sampled with index i, that is di, where i 
means temporal index. If sound speed is known, i can be 
translated into positional index because positional information 
is given by time of flight of ultrasonic pulse. This sampling is 
repeated plural times. In this way, the data set to calculate an 
instantaneous velocity profile is dij, where j is pulse repetitional 
index. Fig.2 shows two examples of sampled data, dij. If the 
particle is moving faster, the echo wave becomes shorter 

 

ABSTRACT 

UVP (Ultrasonic Velocity Profiler) is a great tool in the experimental fluid dynamics because it can measure an 
instantaneous velocity profile. In this study, we suggest a new UVP algorithm, which is called as “Phase difference 
method”, for low velocity measurement and compare it with two exiting algorithms. Furthermore, we perform the 
two verification experiments with a measurement system based on the new algorithm, in order to confirm the 
validity and the utility of the algorithm. 

Keywords:  UVP, Algorithm, Velocity profile measurement, low velocity measurement 

Pulse repetitional index 
j (=1,2,3...Nj) 

j=1 j=2 

○1

○2

○3

i=1○4

i=2

Positional index i (=1,2,3...Ni) 

Fig.1 Sampling process for Pulse Doppler method

  j j

(a) higher veloctiy (b) lower veloctiy

Fig.2 Examples of sampled data 
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(Fig.2(a)), and if later, it becomes longer (Fig.2(b)). That is, 
velocity corresponds to the frequency of the echo. Velocity is 
determined from the frequency whose power is the largest in 
the frequency spectrum. On digital process, the frequency is 
selected as a discrete value. Therefore, the minimum 
measurable velocity is determined by the frequency resolution.  
 
2.  Correlation method  

Fig.3 shows the sampling process of ultrasonic echo for 
Correlation method. The sampling process is described as 
follows; ○1 an ultrasonic pulse is emitted from the transducer, 
○2 a part of ultrasonic pulse reflects and the other passes 
through, ○3 the echo from the transducer reaches the transducer, 
and is translated into the electric signal, ○4 it is sampled with 
positional index i, and additionally sampled with index k 
between each i, where k is sampling index. Thus, the 
Correlation method needs higher sampling rate than Pulse 
Doppler method. This sampling is repeated at least two or 
generally more times. There is a time delay between two waves, 
which has the same positional index i. It corresponds to 
moving distance of the particle, and then, the velocity can be 
obtained by calculating the time delay. In other words, the 
velocity is determined from the time delay at which correlation 
coefficient is the largest in correlation function. As well as 
Pulse Doppler method, the minimum measurable velocity is 
limited because of discrete value, in this method time delay.  

  
NEW ALGORITHM FOR LOW VELOCITY 

1. Theoretical concept of new algorithm  
A primal concept is similar to Correlation method. Namely, 

measurement data set of echo is described as dij(k) as shown in 
Fig3. In the new algorithm, however, velocity is not obtained 
from time delay, but from phase difference between two waves. 
The theoretical calculating process is described as following. 
First, echo data dij(k) is decomposed by using Fourier 
Transform, 
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where Nk is sampling number about index k and s is the Fourier 
index, defined as,  

1sf sf= , 1

1
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f
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=  

where tsa is sampling time interval about k. Cij(s) is the cosine 
component and Sij(s) is the sin component of the original echo 
signal. θij(s), an initial phase of the decomposed wave with 
frequency fs, is obtained as the ratio of Cij(s) and Sij(s) as,  
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θij(s) gives initial position of the decomposed wave as, 
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where λ(s) is wavelength of decomposed wave with frequency 
fs, and is determined as follows. 
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The moving distance dxij(s) is defined as positional difference 
between j-1 and j as follows. 
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If form of two waves, j-1 and j, is quite same, the positional 
difference of all decomposed waves must be constant. Namely, 
dxij(s) does not depend on s, and becomes constant.  

Pulse repetitional index 
j (=1,2,3...Nj) 

j=1 j=2

 ( ) const.ij ijdx s dx= ≡    (7) 
○1  dxij corresponds to the moving distance of particle. The 

velocity is calculated as following equation, ○2  
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ij
ij

j
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t
=   ○3  

i=1 ○4  

where tj is time interval of ultrasonic emitting. We call this new 
algorithm “Phase difference method”. In ideal system, uij does 
not depend on s, and then velocity can be calculated from just 
representative frequency fr. Thus, Fourier index s is rewritten 
as sr in Eq.(1)-(7). Namely, if fr is determined at the beginning 
of the calculating process, the computational amount can be 
reduced drastically. The base frequency of an ultrasonic pulse 
should be selected as fr because it is less sensitive to noise than 
any other frequency components.  

i=2 

Positional index 
i (=1,2,3...Ni) 

Sampling index 
k (=1,2,3...Nk) 

Fig.3 Sampling process for Correlation method 

The phase range determines theoretical maximum limit of 
measurable velocity. This method cannot give the correct 
result when the componential wave moves beyond its 
wavelength λ(s). Following equation must be fulfilled, 
 ( )ijdx sλ<  

as assigning Eq.(2) and Eq(1) to this equation, 
2 (ij ju t s)λ⇒ <  

2ij s
j

cu f
t

⇒ < .     (8) 

Because representative frequency fr is used to calculate the 
velocity, fr substitutes for fs in Eq.(8). Ultimately, maximum 
limit of measurable velocity is determined as follows. 

 
2ij r

j

cu f
t

< . 

On the other hand, the minimum limit of measurable 
velocity is not determined theoretically. As refers to above, in 
Pulse Doppler method and Correlation method, it is 
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determined by discrete value fD and τp whose value is largest in 
frequency spectrum and correlation function respectively, as 
shown in Fig.4(a) and (b). In this new algorithm, however, 
discrete value is not used. dxij is calculated from θij(sr), a ratio 
of cosine and sin component, and it does not depend on 
frequency index and varies continuously, as shown in Fig.4(c). 
If we determine the minimum limit forcedly, it becomes 
resolution of quantization in a system. For instance, when we 
use 8-bit double–precision floating point variables, this limit 
becomes 4.9∗10-324. In actual measurement, the measurement 
deviation is far larger. Because Phase difference method has no 
theoretical limit of measurable minimum velocity unlike 
exiting algorithm, it is available and suitable for low velocity 
measurement. 
 

 
 
 
 
 

 
 
 
 
 
 
 
2. Setup of UVP system 

The setup of UVP system that we specify in this study and 
its measurement conditions are shown in Table 1. A basic 
frequency of pulse emitted from a transducer is 4 MHz, and 
then a representative frequency fr in calculating process is 4 
MHz as well. A sampling interval tsa is 2 ns and a burst 
repetition interval tj is 75 µs. When the analog signal of an echo 
is quantized into the digital signal, dij(k), a quantization error is 
caused. As using this parameter, it becomes about 0.12 mm/s. 
this error depends on the sampling resolution of ADC, and it 
can be reduced by using higher-performance one. Numbers of 
each index Ni, Nj and Nk are 67, 5 and 550 respectively. Namely, 
67 measurement points are on the measurement line, the 
velocity is calculated from 550-sampled echo, and the average 
of repeating 5 times gives an instantaneous velocity profile. By 
these parameters, the measurement conditions are determined 
as described in Table 1. These depend on sound speed c, and 
Table 1 show the case of water, c = 1480 m/s. 

 

VERIFICATION EXPERIMENTS 
As discussed above, a possibility of the low velocity 

measurement with a new algorithm is indicated theoretically. 
But, there is no guarantee that the algorithm can apply to the 
realistic low velocity measurement, because of various error 
factors. It is necessary to confirm validity and the utility of the 
algorithm for low velocity measurement, to bring out the 
problem of measurement and to improve the measurement 
accuracy through realistic experiments. In this section, two 
verification experiments are performed. 

 
1. Measurement of the pseudo-flow model 

The model assumed a low velocity flow is constructed, in 
order to confirm that new algorithm can really measure low 
velocity with a few mm/s order. Fig.5 shows the experimental 
setup. In water, six strings as reflectors of the ultrasonic pulse 
are fixed perpendicularly on the measurement line of an 
ultrasonic transducer. The transducer is moved by stepping 
motor controlled by PC. The speed of transducer toward 
strings is 1 mm/s and away is 4 mm/s. Fig.6 shows the velocity 
profile, where the horizontal axis is time, the vertical axis is 
distance from the transducer and gray scale expresses velocity.  

dx 

fD τpIndex Index Index
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method 
(b) Correlation 

method 
(c) Phase difference 

method  Six strings (fixed) 

Ultrasonic transducer
(reciprocating)  

Fig.4 Value of determining velocity in each algorithms
Measurement line

1 
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Table 1 The specification an performance of UVP
built on new algorithm 

* in the case of using water, c = 1480 [m/s]

Base frequency of pulse 4 [MHz]
Number of positional index i : N i 67
Number of pulse repetitional index j : N j 5
Number of sampling index k : N k 550
Sampling interval: t sa 2 [ns]
Burst repetition interval: t j 75 [µs]

Start of the measurement section 0 [mm]
End of the measurement section 53.80 [mm]
Positional resolution 0.803 [mm]
Temporal resolution 0.2 [s]
Measurable maxmum velocity 2713 [mm/s]

Setup parameters

Measurement conditions*

Time [s] 
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Fig.6 Veloity color map  
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When the transducer moves toward strings, velocity is positive, 
otherwise negative. In Fig.6, six lines drawn zigzag are 
identified with six strings. This proves that UVP with new 
algorithm measure velocity at correct position. Fig.7 shows the 
averaged velocity, where the horizontal axis is distance from 
the transducer and the vertical axis is velocity. It is found that 
measured velocity corresponds to setting value. Consequently, 
it is confirmed that this new algorithm can measure low 
velocity. 
 
2. Measurement of the flow in the rotating cylinder  

As a measurement of a realistic flow, we use the flow in a 
rotation cylinder with 150 mm diameter. This system has 
theoretical solution of the flow and then often used as a verifier 
for UVP. Fig.8 shows the experimental setup as looking 
downward. The cylinder filled with water suspended tracer 
particles is rotating with stationary angular velocity ω. Just 
after the beginning of rotating, water starts to move by being 
pulled, and as time goes by enough, water rotates as rigid body. 
In this time, velocity measured by UVP should be spatially and 
temporally constant. This is described as follows. A distance 
between the measurement line and the central axis on the 
horizontal section of the cylinder is a, now a = 22 mm. A 
circumferential velocity vθ at a certain position on the 
measurement line is described by using a and θ as shown in 
Fig.8 and as following equation.  

 
cos
avθ
ω
θ

=  

Because the velocity measured by UVP is the component of the 
measurement line, theoretically expected velocity um becomes,  

 
cosmu v

a
θ θ
ω

=
=

 

um is constant at any positions on the measurement line. 
Table 2 shows ω and um in each cases, where negative ω 

means reverse rotation. Fig.9 shows the results of temporally 
averaged velocity profile with each condition, where the 
horizontal axis is the distance from transducer and the vertical 
axis is averaged velocity with 2000 time steps. It is found that 
velocity value well corresponds to um. 

These two averaged velocity profile shown in Fig.7 and 
Fig.9 indicates possibility for low velocity measurement. But, 
there is a fluctuation in instantaneous velocity profile. It is 
thought that this error of measurement is caused by poverty of 
particles in measurement volume. It is a common problem for 
any UVP algorithm. Particularly, it is a serious problem for this 
new algorithm. Because it requires that form of two waves of 
echo correspond, the deformation of the echo may affect the 
deformation of velocity directly. So, seeding particles needs to 
be paid close attention. And there is still room for improvement 
in the algorithm.  
 

CONCLUDING REMARKS 

The new UVP algorithm, Phase different method, is 
suggested in this study. It has no theoretical limit of 
measurable minimum velocity unlike exiting algorithm. By 
this reason, it is available and suitable for low velocity 
measurement. Two verification experiments confirm its 
possibility. And these also expose its problem. It is essential 
that the precision is improved, in order to measure low 
velocity.  
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u m [mm/s] 86 -86 24 -24

Table 2 Angular velocity ω and expected velocity um

Fig.8 Experimental setup  
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ABSTRACT 
The velocity vector of fluid is expressed by functions for three velocity components to three directions of space 

and time. Therefore, in order to investigate the flow structure, it is essential to measure these components. We 
propose the new system that enables us to measure three-dimensional velocity vector measurement of the flow field; 
named Vector-UVP. It consists of a central emitter, symmetrically surrounded by three receivers. If the plane 
transducer is used for the emitter, the ultrasonic beam will diverge in the practical range, and consequently a 
measurement volume will become too large. For the solution of this problem, and in order to simplify our system, 
we use a commercial focusing transducer for the emitter. Thus, the characteristic of the ultrasonic beam from the 
emitter has strong influence on the performance of Vector-UVP. As an initial stage of developing this system, we 
investigated this ultrasonic beam characteristic of the transducer to be used and the synchronous state between the 
emitter and the receiver by experiment. From these experimental results, it is expected that the spatial resolution of 
our equipment becomes very high compared with other conventional system. Additionally, the anticipative 
specification of Vector-UVP was presented. 

Keywords:  UVP, velocity vector measurement, spatio-temporal 

 
  

 
Introduction 

Ultrasonic Velocity Profiler (UVP) has been established in 
experimental study in fluid dynamics and engineering 
applications of flow measurement. The objective of this study 
is development of advanced UVP system;vector-UVP.It 
enables us to obtain vector field of the fluid flow on a line.  

As is shown in the Eq.(1), the velocity vector field of fluid is 
expressed by three functions of the velocity components 
(u,v,w) as a function of space and time (t). 

 
)( t,xuu =   (1) 

 
Therefore, in order to investigate the flow structure, it is 
essential to measure these components in space and time. UVP 
is the method that enables us to obtain spatio-temporal 
information on the flow field; the first time on such a type of 
data format for experimental fluid flow investigations. It is, 
however, one-dimensional in spatial coordinate. On the other 
hand, PIV and PTV give two or three dimensional vector 
velocity information, but acquisition of time series data is 
difficult for PIV because of the performance which equipment 
has. On the other hand, acquisition of time series data is still 
difficult. (see. Table1.) The purpose of the present 
development is to overcome this disadvantage of the 
conventional UVP by expanding the dimension velocity vector 
to be measured. 

An idea and concept of vector-UVP has been attempted 
earlier by U.Lemmin [1-4] for civil engineering study. Its 
concept is illustrated in Fig.1 and 2.  

Table.1 The measurable dimension 
 u x time series

UVP 1 1 ○ 

Vector-UVP 3 1 ○ 

PIV / PTV 2 2 △ 

Stereo PIV / PTV 3 2 △ 
 

 
Fig.1 Illustration of Vector-UVP 

 
 It consists of a central emitter, symmetrically surrounded 

by three receivers, R1 to R3. (only two are visible in Fig.1) An 
ultrasonic pulse is emitted into fluid from the emitter, and the 
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surrounding receiver receives the echo reflected from tracer 
particles.  

 
Fig.2 Upper surface of Vector-UVP 

 
As illustrated, a position information to be obtained is from 

a flight path x + x′. (see. Fig.3) By analyzing these received 
echo waves, three directional velocity components can be 
obtained in the same manner as in the conventional UVP for 
each receivers and three-dimensional velocity vector can be 
formed. Since these receivers have a certain spatial range of 
receivable area, it can receive the echo from each point on the 
ultrasonic beam in this range. Therefore, this system can obtain 
the profile of the three-dimensional velocity vector on the 
ultrasonic beam. 

 
Fig.3 flight path of Vector-UVP 

 
Divergence of the ultrasonic beam 

Since ultrasonic beam does not have high coherency like the 
laser beam, the beam cannot avoid having a significant 
divergence in the practical range. The divergence of ultrasonic 
beam is shown in Fig.4  

 
Fig.4 Divergence of the ultrasonic beam 

 ;underwater, active diameter:5[mm] 

For instance, a standard transducer for the conventional UVP 
(basic frequency: 4 [MHz]) has a beam divergence of 4˚. 
Consequently, the diameter of ultrasonic beam is 10.2 [mm] in 
the position that distance from a transducer is 100 [mm]. This 
means that the measurement volume is too large for general 
fluid dynamical investigation. For solving this problem, 
Lemmin and others used “phased-array transducer system” in 
their equipment [1] to narrow the beam. However, this system 
is very complex and too expensive. Furthermore, the spatial 
resolution of their equipment is not high enough when 
turbulent flow is to be measured.  

In order to simplify our system, we use a commercial 
focusing transducer for the emitter. This transducer can focus 
the ultrasonic beam by setting a concave lens on the transmitter 
front surface as shown in Fig.5. (r = curvature radius, Zt = focal 
length) 

 

 
Fig.5  Focusing technique (with the spherically curved lens) 
 

The ultrasonic beam emitted from the plane radiator is focused 
by being refracted with the spherical lens attached at the tip of 
the radiator. Vector-UVP uses only the optimal range near the 
focal point of the ultrasonic beam. By this method, it is 
expected that spatial resolution of our system is fully 
applicable to measurement of turbulent flow. 
 
Measurement of the ultrasonic beam characteristic 

The characteristic of the ultrasonic beam from the emitter has 
an essential influence on the performance of Vector-UVP. In 
the initial stage of development of our system, the 
characteristic of the ultrasonic beam from the emitter was 
checked by experiment. The specification of the focusing 
transducer used for the experiment is shown in Table 2. The 
experimental set-up is shown in Fig.6. Under a continuous 
beam operation, the sound field was measured using a needle 
hydrophone (Toray engineering, NH8028, active diameter 0.5 
[mm]). The received signal was observed using a spectrum 
analyzer to record a sound pressure. The measured field spans 
from 0.5 to 40 [mm] to x-direction and –10 to +10 [mm] to y- 
direction. The interval of each grid was set to dx = 0.5 [mm] 
and dy = 0.5 [mm]. 
 

 

 
Fig.6 Experimental set-up for ultrasonic beam measurement 
 

 
Table.2 Specification of the focused transducer 
; Imasonic : TF8-7-10 

frequency[MHz] active diameter[mm] curvature[mm]
8 7 30 

 
The result of the acoustic field of the focusing transducer is 

shown in Fig. 7. The horizontal axis of this figure shows the 
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distance from the transducer, and a vertical axis is a transversal 
distance (y) normalized by the active diameter of the 
transducer (D). The color map shows the measured sound 
pressure. This figure shows that an ultrasonic beam is focused 
in the range of x =20.0 to 30.0 [mm]. The crack of the spherical 
lens has caused the deficit of an ultrasonic beam in the range of 
x = 26.0 to 28.5 [mm]. 

 
Fig.7 Ultrasonic beam of the focused transducer 

 
In order to determine the range of the ultrasonic beam used for 
measurement the diameter of the beam is determined by 
following method. Fig. 8 is one data in the section of x = 12.5 
[mm]. Each circle shows the intensity of the ultrasound beam 
measured in this experiment. The solid curve was drawn with 
the gauss function fitted to these data, and the diameter of the 
beam was determined as a FWHM of the peak. This result is 
shown in Fig. 9. The ultrasonic beam is focused to the 
minimum in the section of x = 25 [mm]. For realization of high 
special resolution, we determine the measurement range based 
on the diameter of the ultrasonic beam. When the diameter of 
the beam is set as less than 1 [mm], the range of x = 19.5 to 32.5 
[mm] could be used for measurement. For 1.5 [mm] or less, x = 
14.5 to 36.0 [mm] could be used. This measurable range is one 
example and it is also possible to measure a range larger than 
this value. 
 

 
Fig.8 Determination of the ultrasonic beam diameter 

 
Fig.9 Ultrasonic beam diameter of the focused transducer 

Synchronization and Time information 

In Vector-UVP, for realization of the vector measurement 
that used single emitter and three receivers, it is necessary to 
obtain time synchronization among them. The synchronization 
was verified by the experiment shown in Fig.8. For 
simplification, single receiver is used in this experiment. 

 

 
 

Fig.10 The experimental set up for verification of 
Synchronization 

 
The emitter and the receiver have been arranged as shown in 
Fig. 10, and the tungsten wire as a reflector was installed near 
the focusing point of the ultrasonic beam. The receiver was 
leaned is set with opening angle of 41˚. The wire is moved only 
in the direction of x. The emitter emits an ultrasonic pulse, and 
the digital oscilloscope measures the flight time (t) that the 
receiver receives the echo from a wire. The flight time of the 
echo in each measurement points on the focusing ultrasonic 
beam are measured. 
 

 
Fig.11 The configuration and flight time of ultrasonic pulse 

 
In the Conventional UVP single transducer performs 

emission and reception of an ultrasonic pulse, and the flight 
time of an ultrasonic pulse (t1) increases linearly in proportion 
to the distance from the transducer (x). When a measuring 
point is installed on a measurement line at equal intervals, the 
gap of the flight time (⊿t1) between a measuring point and the 
next point is constant. (c is ultrasonic speed.) 

   12 ctx =   (2) 

   const=1Δt   (3) 
 
However in Vector-UVP, as its configuration is shown in 

Fig. 11, the relation between the flight time (t2) and the 
distance from the transducer to a measuring point is expressed 
by Eq.(4). 
   2ctxx =′+   (4) 

   const≠2Δt   (5) 
As shown in Fig. 12, x’ increases gradually even if ⊿x is fixed, 
the gap of the flight time increases. Therefore, when analyzing 
the received signals, it is necessary to take this time 
information into consideration. 
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Fig.12 The gap of the flight time 

 
This experiment gives us the theoretical and the measured 

value. The result could estimate the synchronous state of our 
system, and the reliability of the received echo. The result of 
this experiment is shown in Fig. 13. 

 
Fig.13 Result of the flight time measurement 

 
The measured flight time agrees well with theoretical values. 
Time difference of these data is 0.23  [μsec] at the maximum. 
It is 0.34 [mm] when it converts into distance. This value is 
within the range of special resolution that Vector-UVP will 
have in future. 

In Pulse Doppler method, if channel distance and measuring 
depth are decided, a certain specification can be determined. 
The length of an ultrasonic pulse determines the spatial 
resolution of the direction of an x-axis. In our system, it is 
estimated that pulse length and the diameter of ultrasonic beam 
is equal. Finally, the anticipative specification of the 
vector-UVP based on these experiments is shown in Table.3. 
The algorithm for velocity calculation uses Pulse Doppler 
method and Number of profile measurement repetitions is 32. 
Inspection fluid is water and the basic frequency of emitter is 8 
[MHz]. 

Conclusion 

In this report, we introduced about the initial stage of 
development of Vector-UVP. The following points have been 
verified in this investigation. 
 

・ The optimal range of the focused ultrasonic beam that 
can be used. 

・ Reliability of the flight time of the received echo.  
・ The synchronization of our system. 

 
 

Table. 3 Anticipative specification of Vector-UVP 
 
Ultrasonic beam diameter [mm] ≦1.0 ≦1.5 
Optimal range [mm] 13 21.5 
Number of cycle per pulse 4 8 
Number of channels 17 14 
Pulse repetition frequency [kHz] 18 17 
Maximum measurable depth [mm] 52.5 100 
Maximum measurable velocity [mm/sec] 825 770 
Scanning time [μsec] 74 134 
Spatial resolution [mm] 0.74 1.48 
Velocity resolution [mm/sec] 4.92 2.72 
Time resolution [msec] 2.37 4.28 
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INTRODUCTION 

A magnetic fluid is a stable colloidal suspension of  
uniformly dispersed ferromagnetic particles in solvents such as 
water and kerosene. The ferromagnetic particles remain 
suspended because of  their Brownian motion. When a 
magnetic field is applied to a magnetic fluid, several interesting 
phenomena, which do not occur in a Newtonian fluid, are 
observed because of the combination of strong magnetism and 
liquidity. Several unusual flow behaviors of a magnetic fluid 
have been observed and they are considered to be caused by 
the formation of chain-like clusters. To date there have been 
few experimental studies directed to clarifying the influence of 
these clusters on magnetic fluid flow behavior. In order to use  
magnetic fluids in fluid mechanical systems, for example as a 
magnetic fluid  damper, a magnetic fluid actuator, etc., a 
more-detailed measurement of internal velocity profiles is 
necessary. It is expected that further applications will be 
developed by further examining these phenomena in a 
magnetic fluid. 

The Ultrasonic Velocity Profile (UVP) method, which was 
been developed by Takeda[1], is a method of measuring a 
velocity profile on a line with respect to the velocity 
component along an ultrasonic beam. This technique has two 
main advantages in comparison with ordinal methods like 
LDV or PIV. First, it can be applied to opaque fluids such as 
liquid metals, chocolate in food processing, and the like, and 
second, flow mapping is practical because a line measurement 
is used.  Takeda has studied a mercury flow[2] and has 
developed this method systematically[3]. Kikura, et al.[4] 
measured velocity profile of the Taylor vortex flow of a 
magnetic fluid using the UVP method. Sawada, et al.[5] 

examined  horizontal velocity profiles of a magnetic fluid in a 
rectangular container which was laterally vibrated. These 
experimental studies have shown the efficiency  of the UVP 
method for velocity profile measurement of opaque fluids, 
including magnetic fluid. 

  In the present paper, we examine the characteristics of the  
velocity profile of oscillating pipe flow of a magnetic fluid 
subject to a magnetic field. In particular, the effect of 
chain-like cluster formation in a magnetic fluid on the velocity 
profile is experimentally investigated using the UVP method. 

EXPERIMENT  

Figure 1 shows the experimental apparatus. The test section 
is an acrylic pipe having inner diameter 30 mm, outer diameter 
40 mm and length 3000 mm. One end of the pipe is connected 
to a tank (300 mm × 300 mm × 300 mm), which is at 540 mm 
height from the center of the pipe. The water pressure is 
controlled to fluctuate less than 1 % . The other end of the pipe 
is provided with a piston which is driven by a crank system to  
cause oscillating flow. The piston frequency is controlled by an  
inverter. A water-based magnetic fluid W-40 is used as a test 
liquid. The ratio of the volume of the magnetic fluid to water is 
7  : 3. The kinematic viscosity is ν = 4.35 mm2/s and the sound 
velocity in the magnetic fluid is c = 1420 m/s at 20 °C.  

The UVP monitor is a model XW-PSi manufactured by 
Met-Flow SA. The basic ulutrasound frequency is 4MHz. In 
order to obtain an echo, porous SiO2 particles with a mean 
diamiter of 0.9 µm (MSF-10M, Liquidgas Co., Ltd.) were 
added as reflectors. A transducer is fixed on the outer wall of 
the pipe at an angle of 14° and a measurement line from the 
transducer is parallel to two magnets (described in Fig.2). The 
diameter of the transducer is 5 mm, and the measuring volume 
has a thin-disc shape, φ 5 mm × 0.71 mm. 

 

ABSTRACT 
The Ultrasonic Velocity Profile (UVP) method is used to sense velocity information using ultrasonic waves, and, 

as such, is very suitable for measuring the velocity profile of opaque fluids. In this experiment, the UVP method is 
used to investigate oscillating pipe flow of a magnetic fluid subject to a magnetic fluid. The test liquid is a diluted 
water-based magnetic fluid and the magnetic field is applied by two permanent magnets. When the magnetic field is 
applied for some period before measurement, interesting velocity profiles are obtained and are suggested to be 
caused by the growth of chain-like clusters in the magnetic fluid. The influence of the amount of time of 
pre-applying the magnetic field and magnetic field intensity on flow behaviors are discussed. The apparent flow rate 
is introduced to aid in evaluating the correlation between the velocity profile and the growth of chain-like clusters. It 
is found that the rate of  change of the apparent flow rate increases with both magnetic field the pre-application time 
and magnetic field intensity. 

Keywords:  Magnetic Fluid, Oscillating Pipe Flow, UVP, Clusters 
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                      Fig.1 Experimental apparatus 
 
  

  
 

       
 
                Fig.2 Close-up of permanent magnets 
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Fig.3 Magnetic flux density vs. interval between magnets 
 

 
 
Two permanent magnets (150 mm × 100 mm × 25 mm) are  
placed on opposite sides of the pipe as shown in Fig. 2. The 
magnetic field intensity in the pipe can be controlled by the 
interval between the two magnets. The relation between 
magnetic flux density and interval L of the magnets is shown in 
Fig. 3. Here B is the magnitic flux density at the center of the 
pipe. 

The piston frequency is kept at 0.053 Hz and Wormersley 
number W = 4.2 which is defined by 

 

ν
ωRW =                                      (1) 

  
 

 

 
 
                              Fig.4 Measurement time chart 
 
 
 
 
 
where R is radius of the pipe and ω is angelar velocity of the 
piston. The Wormersley number is an important dimensionless 
parameter for an oscillating flow and indicates the ratio of 
unsteady inertia and viscosity forces. 

RESULTS AND DISCUSSION 

In the experiments, a magnetic field is applied prior to the 
measurement of velocity profiles as shown in Fig. 4. Since the 
magnetic field is applied parallel to the pipe for Ta minutes 
before measurement begins, chain-like clusters have an 
opportunity to form in the direction of the magnetic field lines. 
After Ta minutes an oscillating flow is generated by the piston, 
and changes in velocity profiles are observed. The observed 
changes were quite remarkable and, can not be explained by an  
increase of the apparent viscosity owing to the magnetic field.  

Figure 5 shows velocity profiles for different times of 
pre-applying the magnetic field: Ta = 0 min, 45 min, 90 min at 
the same magnetic flux density B = 62 mT. Here v∗ and r* are 
defined by 
 

ωkr
vv =* ,        

R
rr =*                             (2) 

 
where rk is the radius of the crank and rk = 100 mm. 
φ corresponds to the phase difference from the middle point of 
top and bottom dead points. r* =−1 indicates the side wall 
where the transducer is fixed and  r* =1  indicates the opposite 
side wall. Figure 6 shows changes of the velocity profiles for 
various Ta at each phase. From Figs. 5 and 6, it appears that 
velocities at each phase approach zero near the center of the 
pipe with an increase of  Ta.  We also found that after several 
cycles, the singular velocity profiles shown in Fig. 5 (b)-(c) 
become the ordinary velocity profile (of Fig .5 (a) ). Figure 7 
shows the process of returning to a stable velocity profile for B 
= 62 mT, Ta = 180 min and φ = π. From these figures, it is 
suggested that the size of the chain-like clusters grows 
gradually larger near the pipe wall and spreads in a  
cross-section of the pipe. This process is illustrated in  Fig. 8.  
If chain-like clusters grow toward the center area of the pipe, 
the magnetic fluid may be prevented from flowing by the 
chain-like clusters. These chain-like clusters may then collapse 
gradually after the beginning of the oscillating flow. 
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                                                 (c) 
 
Fig.5 Velocity profiles with pre-applied magnetic field 
 
 
 
    In order to examine the influence of the growth of chain-like  
clusters on the change of velocity profiles, we introduce the 
chage rate of the apparent flow rate (∆Q) as follows: 
 
    **2*

1

0
drvQ ∫= φφ

                                                                        (3) 

 
Q* = (Q0* + Q π/4* + Q 3π/4* + Q π* + Q 5π/4* + Q 7π/4* )    (4) 

 
∆ Q* = (Q*B mT, Ta min  -  Q*0 mT, 0 min ) / Q*0 mT, 0 min                    (5) 
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Fig.6 Velocity profiles at two phases 
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Fig.7 Process of returning to stable velocity profile 
                    (W = 4.2, B = 62 mT, Ta = 180 min) 
 
 
 
Here Qφ* is an apparent  flow rate at each phase, which is 
obtained by integrating the absolute velocity  along the 
measuring line, i.e. the horizontal center line in Fig. 8. Q* is the 
sum of  apparent flow rates. When the magnetic field is applied, 
Q* becomes larger in accordance with the growth of chain-like 
clusters.  ∆Q* is the change rate of Q* when a  magnetic field is 
pre-applied.  

Figures 9 and 10 show the relationsip between ∆Q* and Ta, 
and ∆Q* and B, respectively. From Fig. 9, it can be seen that 
when Ta increases, ∆Q* also increases in a linear fashion. 
Further, ∆Q* is larger under strong magnetic fields than under 
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Fig. 8 Growth of the chain-like clusters 
 

 
 
weak magnetic fields. From  Fig. 10, it can be seen that, when 
the magnetic field intensity increases, ∆Q* has a tends to grow 
larger. Further, ∆Q* is larger for longer Ta. It is suggested that 
an increase of ∆Q* has some correlation with the growth of  the 
chain-like clusters, and the growth of the chain-like clusters 
depends on the amount of the times of pre-applying the 
magnetic field and the magnetic field intensity. 

CONCLUDING REMARKS 

Magnetic fluids show more complicated behaviors than 
ordinary fluids because of the formation of chain-like clusters 
when the magnetic fluid is subject to a magnetic field. We 
observed a unique phenomenon of the velocity profile of an 
oscillating pipe flow subject to pre-application of a magnetic 
field that might be caused by the chain-like clusters. This lead 
to a study of the growth of the chain-like clusters by using the 
velocity profile measured by the UVP method. As a results, we 
observed that individual velocity profiles had some correlation 
with the amount of time the magnetic field was pre-applied 
before taking measurements. These individual velocity profiles 
appeared to be dependent on the magnetic field intensity as 
well as the amount of time pre-applying the magnetic field.  
The apparent flow rate was introduced to evaluate a correlation 
between changes in the velocity profile and the growth of 
chain-like clusters. It was clarified that the rate of change of the 
apparent flow rate increases with increases in the amount of 
time pre-applying the magnetic field and with the magnetic 
field intensity. 
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 Fig. 9 Increase in change rate of the apparent flow rate with Ta 
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Fig. 10 Increase in change rate of the apparent flow rate with B 
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INTRODUCTION 

Gas-liquid two-phase slug flows in vertical pipes are 
frequently encountered in industrial pipelines, chemical and 
nuclear reactors and other fluid machineries. The flow is 
characterized by a series of bullet-shaped large bubbles or 
Taylor bubbles, and liquid slugs which contains small bubbles. 
In order to clarify the characteristics of the flow, a lot of studies 
have been performed [1]. The characteristics of the void 
fraction, the frictional pressure drop of the flow and the rising 
velocity of the large bubbles have been revealed considerably. 
The precise velocity field around the large bubbles in the slug 
flow, however, is not clarified so well. It is useful to know the 
velocity field around a large bubble rising in a stagnant liquid, 
which is one of the simplified forms of large bubbles in slug 
flows in vertical pipes. Even for the subject, few studies have 
been reported: for example, the measurement using 
photochromic dye activation method by Kawaji et al. [2] and 
that using PIV by van Hout et al. [3]. Tomiyama et al. [4] 
performed the measurements using LDV especially to clarify 
the flow field in the wakes behind the large bubbles. 

Kawaji et al. [2] measured the velocity field around a large 
bubble rising through stagnant kerosene in a 25.6mm I.D. pipe. 
0.01% TNSB, a photosensitive substance (photochromic dye) 
was dissolved beforehand and a periodic laser beam was used 
to expose the dye. van Hout et al.[3] measured the velocity 
field around a large bubble rising through stagnant water in a 
25mm I.D. pipe. Polystirol particles of 20 to 40 µm diameter 
containing fluorescent dye were added to the water, and PIV 
measurements were performed with the help of Laser-Induced- 

Fluorescence. Their both studies presented velocity fields 
around a large bubble rising through stagnant liquid and also 
those in the liquid lump behind the bubble or the wake region. 
But the effects of the pipe diameter, the large bubble length, the 
liquid properties, the wall wettability, the existence of small 
bubbles in the liquid slug and so on, on the velocity field are 
not quite clear. So we still need a systematic and precise data 
base on the flow field. Moreover, we will need the velocity 
field in the two-phase slug flow in future in order to investigate 
the flow characteristics of the flow and to model the flow more 
precisely. 

Hence we need a more convenient but precise measuring 
technique to achieve this purpose. The Ultrasonic Velocity 
Profile monitor (UVP) is one of the candidates, because it is 
easy to operate once the measuring technique is fixed, it has 
effective time and space resolutions, and it obtains velocity 
vectors on a line in an instant. In this paper, the UVP 
measurement was performed to measure the velocity field 
around a large bubble rising in stagnant water filled in a round 
vertical pipe so as to obtain basic information to establish the 
measuring technique of the subject. 

 

EXPERIMENTAL METHOD 

A schematic of the experimental apparatus is shown in Fig.1. 
Water filled in the tank was supplied by a Mohno pump to the 
test section. Polyethylene particles of median diameter 160µm 
were used for the scattering particles. The temperature of the 
water was kept at 20±1°C by a regulator. When the test section  

 

ABSTRACT 

A UVP measurement was performed to obtain the liquid velocity field in front of, around and behind the large 
bubble rising in stagnant water in a round pipe of D=54mm in order to get basic information for the gas-liquid 
two-phase slug flows. It is also useful if we can establish the measuring technique of the subject by a more 
convenient but precise measuring technique. Two ultrasonic transducers were used simultaneously for the 
measurement to get velocity vectors. The measured results are presented and compared with some existing studies 
on the corresponding phenomena. In the liquid film near the bubble nose, velocity profile and acceleration are 
presented and compared with existing studies. The different in D may affect some features. The parameter z/D is 
found more dominant than z for this phenomenon. In the liquid phase behind the bubble tail or the wake region, a 
large ring vortex is recognized without another weaker vortex behind it. The upward velocity near the pipe axis 
agrees well with the predicted results by an existing prediction. 
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was fully filled by the water, the pump was stopped. The valves 
were once closed, and air was stored in the pipe just under the 3 
way valve by draining water from the pipe. 

The test section was consisted of a transparent acrylic 
vertical round pipe of 54mm I.D. and about 3m in length. Two 
ultrasonic transducers of UVP (frequency: 4MHz) were set at 
the outside of the test section at 2.3m from the 3 way valve: one 
+20 degree and the other –20 degree inclined from the 
horizontal line as shown in Fig.2. They were set in water in a 
tank, whose water surface was covered with a styrene foam 
sheet to prevent the noise caused by the shaking water surface. 
The measuring frequency of UVP was 50Hz. A pair of 
electrode was installed in the pipe 75mm downstream of the 
transducers to detect the relation between time and position of 
the large bubble, which is denoted by the large bubble sensor. 
Signals from UVP and the large bubble sensor were recorded 
simultaneously by a digital recorder. 

When all the facilities were ready, 3 way valve was quickly 
opened, and a large bubble rose up into the test section, and 
signals were recorded. Velocity field for about 30 large 
bubbles were measured for one air volume in this study. The 
averaged large bubble length was 0.225m and the averaged 
terminal rising velocity of the large bubbles, VBt, was 0.269m/s, 
which is a reasonable value compared with some predicted 
values by existing methods for VBt [1].  

After getting data for these 30 large bubbles, we obtained 
averaged velocity vectors. The velocity data were divided both 
for longitudinal and radial sections; divided into each 5.2mm 
for the longitudinal direction (Z axis), and into each 0.695mm 
for the radial direction (r axis) to make many cells. The Z- and 
r-components of the velocity were averaged for each cell.  

The specification of the pipe wall position was performed 
using the measured data for the liquid single phase flow. Figure 
3 exhibits a velocity profile of a liquid single phase flow by the 
same setup. Solid and open symbols are for the transducer of 
an elevation   angle   (θ  =+20°)  and   for   the   transducer  of   a 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.1 Experimantal Apparatus

depression angle (θ =–20°), respectively. The solid line is an 
approximation by the 1/7th power law. Although the data are 
scattered to a certain degree near the pipe wall at the far side of 
the transducer (r/R =1), we can easily find the wall position at 
the near side of the transducer (r/R =–1).  
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Fig.2 Test Section 
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Fig.3 Velocity Profile of Liquid Single Phase Flow 

 

RESULTS AND DISCUSSION 

The obtained result of the velocity field is presented in Fig.4 
(a) and (b). Figure 4 (a) shows the velocity field in the liquid 
phase in front of the large bubble, and that in the liquid film 
around the large bubble, whereas (b) shows the velocity field 
in the liquid phase behind the large bubble. Z denotes the 
downward distance from the tail of the large bubble and z from 
the nose. Only the measured data of the near side, i.e. the data 
from the wall at the near side of the transducer to the pipe 
center axis, are used in the figures below, and are copied to the 
other side under the assumption of the axial symmetry. The 
shape of the large bubble is estimated by the bubble shape 
function proposed by Nakahara et al. [5].  
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The gas-liquid interface is predicted to be at r in Eq.(1) with 
Re=0 because of stagnant water. All the velocity vectors in the 
large bubble were eliminated, although some vectors were 
obtained in it according to the error supposed to be occurred by 
the reflection of ultrasonic sound by the interface.  Figure 4 is 
scaled with even intervals on both axes; the shape of large 
bubble is drawn in the correct aspect ratio.  

Liquid Phase in front of Large Bubble 

In the liquid phase in front of the large bubble, only very 
small velocity components are recognized. In order to make the 
flow field clear, we enlarged the velocity vector display in this 
region as shown in Fig.5. The effect of the rising large bubble 
is recognized to approximately z=–0.025m from the bubble 
nose. It corresponds nearly D/2 from the nose, where D=2R is 
the pipe diameter, which is the same result as van Hout et al. 
[2]. In this effected region, the liquid near the pipe axis is lifted 
owing to the rising bubble nose, whereas near the pipe wall, the 
downward flow is recognized, which will flow into the liquid  
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Fig.4 (a) Velocity Field (Around Large Bubble) 
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Fig.4 (b) Velocity Field (Behind Large Bubble) 
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Fig.5 Velocity Field in Front of the Large Bubble 

 
film around the large bubble, which also agrees with the 
findings of van Hout et al.  

Liquid Film around Large Bubble 

In the liquid film near the bubble nose, the velocity vectors 
near the pipe wall are almost vertically downward, but those 
near the gas-liquid interface are toward its tangential direction; 
they tend to shift the direction to the vertical downward 
direction as they travel downward. At the midway of the large 
bubble length, they are fully vertically downward as shown in 
Fig.6. The downward velocity slightly increases from the pipe 
wall (r/R=–1) to the gas-liquid interface. At the interface, the 
velocity gradient is, however, negligible so that the shear stress 
is also negligible. The velocity profiles in the liquid film are 
shown and are compared with van Hout’s and Kawaji’s results 
in Figs.7 & 8. The plotted data, uL, are obtained as the axial 
downward component of the velocity vectors. We can 
recognize the velocity profiles in the liquid film have the 
maximum values at the interfaces. In Fig.7, the figure 
parameter is z. In this case, the velocities measured in this 
study are smaller than van Hout’s and Kawaji’s data for the 
same value of z. The difference is more remarkable when z is 
smaller. Thus, even if the distance from the nose is the same, 
the liquid velocity in the film falls faster when D is smaller. 

Figure 8 is the similar plot with z/D as parameter instead of z 
in Fig.7. When the value of z/D is smaller than unity, the 
velocity profiles of this study agree with the two existing 
studies to a certain degree. When it exceeds unity, the liquid 
velocities in this study are longer than them. This is probably 
because of the difference in pipe diameters. Although van 
Hout’s and Kawaji’s measurements were based on around 
D=25mm pipe, our UVP measurement was performed for 
D=54mm pipe. Thus, the parameter z/D is more dominant than 
z itself especially when z/D is less than unity. 

The maximum downward velocities, uL max, in the liquid film 
are plotted against Z and z in Fig.9. The liquid downward 
velocity of course increases as they travel downward. As the 
result, the film thickness becomes thin gradually. But the 
accelerations are somewhat different. 
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Fig. 7 Velocity Profiles in the Liquid Film  

with z as Parameter 
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Fig. 8 Velocity Profiles in the Liquid Film  

with z/D as Parameter 
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Fig.9 Maximum Downward Velocities in the Liquid Film 

 
For smaller pipe diameters (D≅25mm), the accelerations are 

approximately g near the bubble nose (z<2.5cm). But their data 
soon begin to depart from the free falling curve. The 
acceleration is repressed probably according to the viscous 
force. In our data for larger pipe diameter (D=54mm), the 
effect is more remarkable. The value of acceleration is smaller 
than g even near the bubble nose. In the region near the bubble 
tail (z>0.2), the values of uL max suddenly decreases. It does not 
mean the liquid film decelerates; acceleration continues to the 
bubble tail at least for each large bubble. But due to the 
vigorous oscillations of bubble tail, the averaged values of uL 
in this region decreases drastically. The difficulty in measuring 
velocity here was also pointed out by van Hout et al. [3]. 

Liquid Phase behind Large Bubble 

The liquid falling down in the film penetrates into liquid 
phase behind the large bubble to make a wake region as shown 
in Fig.4 (b). On the other hand, upward velocity is observed 
near the pipe axis. These flows form a ring vortex whose 
longitudinal length is about 0.08m or 1.5D. The corresponding 
value by van Hout et al. [3] was 2D, which is not different so 
much, whereas we do not find another weaker vortex they 
identified below the first vortex. 

The upward velocity near the pipe axis was studied and 
related to large bubble length by Tomiyama et al. [4]. Figure 10 
illustrates the upward liquid velocity at the pipe axis, –uL axis, 
with Tomiyama’s predicted curve. They agree well 
qualitatively. About less than 0.07m from the large bubble tail 
is the near-wake region, where liquid upward velocity exceeds 
VBt or terminal rising velocity of the large bubble. Behind the 
near-wake region, we recognize the far-wake region where the 
upward velocity is decaying to zero. Thus, the near-wake 
region length has a similar value to that of the vortex size, 
0.08m. This actual dimension is also close to that of van Hout, 
0.10m. 
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Fig.10 Upward Liquid Velocity at the Pipe Axis in the 
Wake 

CONCLUDING REMARKS 

A UVP measurement was performed for the liquid velocity 
field in front of, around and behind the large bubble rising in 
stagnant water in a round pipe of D=54mm. The measured 
results are presented and compared with some existing studies 
on the corresponding phenomena. In the liquid phase in front 
of the large bubble, the liquid near the pipe axis is lifted owing 
to the rising bubble nose, whereas near the pipe wall, the 
downward flow is recognized which will flow into the liquid 
film in the region 0.5D from the nose. In the liquid film near 
the bubble nose, velocity profile and acceleration are presented 
and compared with existing studies. The different in D may 
affect some features. The parameter z/D is found more 
dominant than z itself especially when z/D is less than unity. In 
the liquid phase behind the bubble tail or the wake region, a 
large ring vortex is recognized without another weaker vortex 
behind it. The upward velocity near the pipe axis agrees well 
with Tomiyama’s prediction qualitatively. The near-wake 
region length has a similar value to that of the vortex size. 
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NOMENCLATURES 

   D :  pipe inner diameter   [mm] 
   g   :  gravitational acceleration   [m/s2] 
    r   :  radial distance from the pipe axis  [mm] 
   R   :  pipe radius (=D/2)    [mm] 
    uL :  axial component of local liquid velocity [m/s] 
   VBt :  terminal rising velocity of a large bubble [m/s] 
    z   :  longitudinal distance from the bubble nose [m] 
    Z  :  longitudinal distance from the bubble tail [m] 
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ABSTRACT 

The flow field under a mixed convection on the heated rotating disk has been measured using ultrasonic velocity 
profiler (UVP). The measured velocity field is a spatio-temporal one as a function of a radial coordinate and time. 
The objective of this paper is to clarify a vortex structure caused by instability between the buoyancy and centrifugal 
force. The vortex appears under typical Reynolds numbers and Grashof numbers and it moves toward outside of the 
disk. This behavior can be classified into two patterns. The size of the vortex structure decreases with increase in 
Reynolds number and increases with Grashof number. The traveling velocity of the vortex increases with Grashof 
number and decreases with increase in Reynolds number in spite of increase of centrifugal force. According of these 
results, the region dominated by natural, forced and mixed convection is classified in the relationship between 
Reynolds and Grashof number. 

 
Key words : Mixed convection, Heated rotating disk, UVP, Buoyancy, Centrifugal force 

 
 

 
INTRODUCTION 

 
A heated rotating disk can be seen in many industrial 

applications such as CVD method for a thin film making and a 
rotor in a gas-turbine and so on. In this flow field, flow 
direction induced by rotating of the disk is different with one 
induced by buoyancy. As the basic flow field to consider a heat 
transfer mechanism under mixed convection, many 
investigations have been carried out for time-averageed 
characteristics[1][2]. 

On the other hand, the flow field behaves a characteristic 
unsteady structure due to an instability between a natural and 
forced convection[3][4]. As concerning with that instability, 
we make attention to a vortex structure which appears on the 
disk[5]. This vortex can be observed on the critical Grashof 
number (Grc~Reω3/2) even if the rotating Reynolds number is 
small as a laminar condition. From a visualization, it was found 
as a longitudinal vortex stretching to the azimuthal direction. It 
was also found that the vortex travels to the azimuthal direction 
due to Coriolis force and to the outside of the disk due to 
centrifugal force.  

To obtain a knowledge of this vortex structure such as an 
origin of appearance, deformation and traveling path is very 
important to clarify the unsteady structure of the mixed 
convection. However, since an experimental investigation is 
difficult because of the heating and rotating flow field, these 
structure have not been clarified well. The objective of this 
paper is to clarify the basic structure of the vortex and the 
classification of the natural and forced convection based on the 
rotating Reynolds number and Grashof number. 
 
 

 
EXPERIMENTAL METHOD 
 

Experimental apparatus is shown in Fig.1. A radius of the 
rotating disk submerged in the water tank (620×720×400mm) 
is R=85mm. The water has 400mm depth and free surface 
condition. To avoid natural convection induced by a 
temperature difference between the water and ambient air, the 
water tank is covered by insulators. The rotating disk is 
consisting of a cupper plate with 5mm thickness and an 
insulator. Heating was carried out by a heater attached to the 
cupper plate by an adhesives with high thermal conductivity. 

Rotating velocity of the disk was varied 5~25[rpm] 
(Reynolds number is Reω=R2ω/ν=0.66×104~3.29×104). This is 
laminar condition in un-heating case. A difference of the 
temperature between the surface of the rotating disk and the 
water was varied ∆t=2.5~55[°C] (Grashof number is 
Gr=gβ(Tw－T∞)R3/ν =0.23×108 ~5.07×108). The temperature of 
the water is set to T∞=40[°C] to eliminate a change of an 
ultrasonic velocity. In the temperature range of 40 ~ 95[°C], 
the change of the ultrasonic velocity is less than 1%. 

A detail of the test section on the heated rotating disk is 
shown in Fig.2. Measurement was carried out using ultrasonic 
velocity profiler. A transducer directed to the center of the disk 
was set outside of it, therefore, measuring component is vr(r,t) 
in this experiment. A center line of the transducer is set to 
z=1.5[mm] upside from the surface of the disk. A basic 
frequency of the transducer is 8[MHz] and a pulse number is 6. 
A spatial interval for each measuring point is 0.77[mm] and a 
time interval for each profile is 41[msec]. Nylon powder 
(density 1.02, diameter 100[µm]) is mixed to the water as a 
tracer. 
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RESULTS AND DISCUSSION 

Spatio-Temporal Velocity Field 

Typical spatio-temporal velocity field vr(r,t) is shown in 
Fig.3 to observe a change of a behavior with Grashof number. 
The horizontal axis is time and the vertical axis is radius 
position. In figure (a) which is the case of the largest angular 
velocity, the velocity component increases with radius position 
toward the outside of the disk. This obviously indicates an 
increase of the centrifugal force. Any effect of the heating can 
not be observed in this figure since a effect of the forced 
convection is lager than the natural convection. On the other 
hand, in the figure (b) and (c), some instability can be observed 
like a stripe structure as indicated by the dotted line. These 
stripe-like structures angled to right-up show a behavior that 
some eddy is moving to outside of the disk. Ogino et.al[5] 
indicated that a vortex structure of crurve like shape caused by 
the instability of buoyancy appears under typical condition 
between rotating Reynolds number and Grashof number. They 
also showed that it moves azimuthal direction with slower than 
the rotating speed of the disk and moves toward outside of the 
disk. From a visualization of the flow field under same 
condition, the vortex structure moving toward the outside of 
the disk can be also observed in this experiment. The vortex 
shows up-wash flow by the heating. We can conclude that the 
stripe structure in the figure shows a vortex moving toward 
outside.   

Fig.1 Schematic of the experimental apparatus 

The vortex structure can be also observed under the figure 
(c) condition, however, there are some difference behavior 
between in (b) and (c). In the (b), the appearance point of a 
vortex is roughly rigid; around r/R=0.5, on the other hand in 
the (c), it is unstable as some reaches to the center of the disk. 
In the (c), a reverse flow directed to the center of the disk can 
be observed. This flow is considered an appearance of the 
natural convection. The flow toward the center can be 
observed more clearly in the figure (d) which is the largest 
Grashof number case. In the (d), the vortex toward the outside 
of the disk can not be observed. 
 
Cross Correlation of Reconstructed Velocity Field 
 

We consider a detail structure of the vortex moving toward 
the outside of the disk by a cross-correlation of velocity 
fluctuation. However, the cross correlation coefficient 
obtained by this computation is strongly affected by the flow 
toward the center of the disk, especially under a condition 
dominated by the natural convection. To eliminate of this 
effect, we compute the two-dimensional Fourier transform as a 
following formula at first. 
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Where, f is frequency and k is wave number. The obtained 
spectrum S(f,k) phase indicates each energy of the velocity 
fluctuation toward the outside and the center of the disk 
separately. To obtain only the velocity fluctuation toward the 
outside, the phase indicating toward the center was cancelled 
through a filter. After this computation, the velocity field was 
reconstructed by a inverse Fourier transform. Typical 
reconstructed velocity field is shown in Fig.4 corresponding to 
the Fig.3(c). It can be observed that the velocity component 
toward the outside of the disk is extracted clearly.  
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The cross correlation coefficient was computed using the 

reconstructed velocity field as a following formula. 
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Where, r1 is a fixed point, vr* is the reconstructed velocity field 
by the two-dimensional Fourier transform.  

Example of a lag-time and radius position contour map of 
the correlation coefficient is shown in Fig.5. The fixed point is 
r1=0.75R. The horizontal axis is dimensionless lag-time and 
the real time scale is same between two maps. The bold line is 
shown for larger correlation coefficient than 0.3 as a high 
correlation area. The high correlation area around the lag-time 
0 and the fixed point r1 shows right-up shape because the 
velocity fluctuation caused by vortex moves toward outside. 
The shape of the high correlation area in the dimensionless axis 
is almost same between two maps however the size of (a) for 
the radius direction is smaller than (b).  

To quantitative analysis of the size of vortex, a variation of a 
integral scale (Lr) at τω=0 is shown in Fig.6. It is clearly found 
that the integral scale becomes smaller with increasing 
Reynolds number. Considered the conservation of an angular 
momentum, this result shows that the vortex is stretching to the 
angular direction with increasing Reynolds number. Moreover, 
the length scale approaches to the zero with Reynolds number. 
This shows that there is a limitation for an appearance of the 
vortex toward higher Reynolds number. On the other hand, it 
can be also found that the integral scale increases with Grashof 
number. It is considered that the up-wash flow becomes larger 
with increasing the temperature of the disk. 

 
Traveling Velocity of Vortex 

 
The dotted line in Fig.5 means the most clear ridge line of 

the contour map. The angle of it indicates that an averaged 
traveling velocity of velocity fluctuation; in other words vortex 
toward the outside of the disk. Ogino et al.[5] shows that the 
traveling velocity of vortex computed by the temperature 
correlation is almost uniform and it has no correlation with the 
radius position and Grashof number. However, our 
investigation as shown the dotted line in the correlation map of 
Fig.5 is not agreement with that result. 

A radial variation of the traveling velocity (vt) of vortex 
estimated by the inclination angle of the dotted line in Fig.5 is 
shown in Fig.7. Obviously, a large difference can be found 
between the Reynolds number Reω=1.34×104 and 1.97×104. At 
the smaller case, the traveling velocity is uniform till r/R≈0.8. 
At near of the edge of the disk, it decreases with position 
because of an interaction between the flow on the disk and of 
the ambient.  On the other hand, the large Reynolds number 
case, the traveling velocity increases with the radius position.  

In Fig.8, the relationship between the traveling velocity and 

the rotating Reynolds number under several Grashof number. 
This result shows the traveling velocity at r/R=0.75. It is found 
that the traveling velocity increases with Grashof number. This 
is caused by a change of the density of the working fluid by 
heating. On the other hand, when Grashof number is same case 
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as shown by the dotted line, the traveling velocity decreases 
with increasing Reynolds number. An increase of the Reynolds 
number induces an increase of vr component by the centrifugal 
force. However, in spite of this matter, the traveling velocity 
decreases with Reynolds number. This is also concerning with 
the conservation of the angular momentum.  
 
Classification 
 

To clarify the dominant region of each force from the view 
point of vortex appearance, we plot symbols in the Reynolds 
and Grashof number correlation as Fig.9 whether vortex can be 
observed or not. As shown by the hatching region, steady 
detection case as which a position of vortex appearance is 
stable, unsteady detection case as which is unstable and 
un-detection case is classified. The solid line indicated by 
Ogino et al.[5] is the critical Grashof number which classifies 
the dominant region of natural and forced convection. Their 
result was obtained by the variation of the Nuselt number on 
the heated rotating disk. They also suggested that the vortex 
can be observed well around this critical Grashof number. Our 
result is in good agreement with Ogino’s for the steady 
detection case. The higher limitation as observed in the integral 
scales of Fig.6 and traveling velocity of Fig.8 is agreement 
with the critical Grashof number. On the other hand, for the 
unsteady detection case, the vortex can be observed at 
Reω>0.986×104, Gr>0.922× 108. The phenomena of these flow 
structure is typical one investigated under only mixed 
convection since the vortex can not be observed in other region 
dominated by the natural or forced convection. 

The solid line by Ogino et al. is showing Gr~Reω3/2. They 
suggested the agreement with the linearity unsteady analysis 
by Wu and Cheng[6] in spite of the difference of the flow field. 
On the other hand, the dotted line is showing Gr~Reω5/2. When 
the flow direction between the convection and buoyancy is 
different, the dominant region by natural and forced 
convection is separated by this relationship obtained by a 
dimensional analysis[7]. For the unsteady detection case, the 
dotted line is in agreement with the limitation for detection of 
vortex. As concluding of result, the behavior on the heated 
rotating disk is classified to I to III region in the figure. The I is 
the region dominated by the forced convection induced by the 
rotating the disk. The III is by the buoyancy induced by the 
heating. The IIa and IIb is the mixed convection region which 
decided by the unstable flow structure on the heated rotating 
disk.  

CONCLUDING REMARKS 

The flow field on the heated rotating disk as the mixed 
convection condition was measured by the UVP. From the 
spatio-temporal velocity field, it was found that the vortex 
appears under typical condition and it travels to outside of the 
disk. The scale of the vortex decreases with Reynolds number 
and increases with Grashof number. The traveling velocity of 
the vortex also shows similar variation. According these result, 
the dominated region by natural, forced and mixed convection 
were classified. 
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ABSTRACT
Separated flow past a rotating circular cylinder has been investigated by flow visualizations and velocity profile

measurements using the ultrasonic Doppler method.  Experiments were performed in a free-surface water channel
with Red = 800, a Reynolds number larger than the critical Reynolds number of the flow behind a circular cylinder,
within a rotational speed ratio range of Uc

* = 0 to 6.  Flow visualized images were obtained by the dye method and
captured with the digital video camera.  Fluctuating velocity fields, v (y, t), measured by the UVP monitor were
represented in contour maps and analyzed with the POD.  Wake patterns are divided into two main categories in
terms of the rotational speed ratio; (i) regular vortex street within the lower speed range and (ii) disordered vortex
structure within the higher range.  There are three subcategories between two main-categories.  It is shown that the
fluctuation energy within the wake shear layers, and the deflection amount and width of the shear layer are changed
with the rotational speed ratio.

Keywords :  Cylinder Wake,  Centrifugal Instability,  Flow Visualization,  Shear Layer Oscillation

INTRODUCTION

It is an important engineering issue in relation to the occur-
rence of flow-induced vibration and/or airborne noise to illumi-
nate a large-scale structure formed behind a bluff body in a uni-
form flow [1-3].  When a circular cylinder is rotating around its
axis, the wake is accompanied by several characteristic phe-
nomena and more complicated in comparison with a case where
the circular cylinder is not rotating.  One reason for this differ-
ence is that the flow separation phenomenon occurs not from
the wall surface of the circular cylinder but from the inside of
the fluid [4].  Another reason is that the secondary flow is in-
duced by centrifugal instability [5].  These two phenomena ex-
ert a considerable influence on the location of the flow separa-
tion and the behavior of the separated shear layer, playing a
dominant role in the formation process of the flow structure in
the entire wake.  One of the effectual parameters is the ratio of
the rotational speed of the circular cylinder Uc to the uniform
flow velocity U0, which is denoted as Uc

* = Uc / U0.  Flow struc-
tures in the wakes are expected to vary with Uc

*.
Glauert [6, 7] analyzed the two-dimensional flow passing by

a circular cylinder placed in a uniform flow as to a case where
separation phenomenon was not seen at a high rotational speed
ratio based on the boundary layer theory.  Moore [8] also put a
flow field at a high rotational speed ratio to theoretical analysis.
Moore approached this issue by utilizing small perturbation from
exact solution at the infinite rotational speed ratio.  On the other
hand, Swanson [9] overviewed the studies in Magnus force act-
ing on a rotational body made by 1960.  Koromilas and Telionis
[10] examined an unsteady laminar separation through the flow
visualization and with a laser Doppler velocimeter.  In the nu-
merical study, including the discrete vortex simulation by Ingham
[11] and Cheng et al. [12], a number of research papers have
been presented since the latter half of the 1980s.

This study is designed to experimentally treat the flow be-
hind a circular cylinder rotating uniformly in a uniform stream,
and identify the wake vortex structures by varying the rotational
speed ratio Uc

* and classify them accordingly.  Since the depen-
dency of this flow field on Reynolds number is not negligible,
care should be directed to the selection of an experimental
Reynolds number.  In this study, experiment was conducted with
Red = 800, a Reynolds number larger than the critical Reynolds
number of the flow behind a circular cylinder, within a rota-
tional speed ratio range of Uc

* = 0 to 6.  In order to observe and
identify the flow patterns, the flow fields were visualized by the
dye method, and then the flow velocity pattern visualization
was applied by using an ultrasonic velocity profile (UVP) moni-
tor [13].  Furthermore, the feature extraction of the velocity
variation pattern was conducted by using the proper orthogonal
decomposition, and thereby the variation in the wake vortex
structure according to the change of the rotational speed ratio
was examined.

EXPERIMENTAL PROCEDURE

Apparatus

The experiment was conducted in a water tunnel with an open
channel of 700 mm in width, 500 mm in depth and approx.
2000 mm in length to be used as a measurement part.  The test
channel was provided with an acrylic resin window on both sides.
A uniform flow was driven by an inverter-controlled mixed flow
pump and settled by a straightener and screens.  On the other
hand, the circular cylinder was rotated by an AC motor equipped
with reduction gear and a toothed belt, and the rotational speed
of the circular cylinder was obtained by counting the number of
signals detected by an electromagnetic pickup.

The outline of the flow field and its coordinate system are
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shown in Fig. 1.  The z-axis is coincided with the circular cylin-
der axis, the x-axis is coincided with the uniform flow direction,
and the y-axis is taken at right angles to both the axes.  The
circular cylinder is rotated in the direction as shown in the fig-
ure.  At this time, when y > 0, the circular cylinder surface speed
is in the direction opposite to the direction of the main stream,
and when y < 0, the circular cylinder surface speed is in the
same direction as the direction of the main stream. The former
is called “pressure side” and the latter “suction side” in likening
to the air flow around a wing.  The diameter of the circular
cylinder used in this experiment was d = 20 mm, and the refer-
ence Reynolds number was Red = U0 d / ν = 800 (uniform ve-
locity U0 ≈ 40 mm/s).  The rotational speed ratio of the circular
cylinder Uc

* = Uc / U0 = ω (d / 2) / U0 was varied within a range
of 0 to 6 (rotational angular speed ω ≈ 0 - 24 rad/s).

Flow visualization technique

For the flow visualization, the electrolytic precipitation
method and the dye image method using Uranine were utilized.
Both the methods are the same in that the circular cylinder sur-
face is used as a dye source, while the latter enables localized
visualization by means of sheet light illumination since Uranine
is a fluorescent dye.  In fact, since the three-dimensional nature
of the flow field, i.e., variation in the z-direction, was not negli-
gible, the laser light sheet technique was utilized in the dye im-
age method to grab images visualized within the x-y plane.  The
laser used was Ar-ion laser with an output of 500 mW.  On the
other hand, the electrolytic precipitation method was utilized to
observe the three-dimensional nature of the flow in the span
direction, and the x-z plane was illuminated with a higher-out-
put straight tube type mercury lamp.  However, the images cap-
tured by this method were omitted in the present paper.

The visualized images were grabbed with a digital video cam-
era (SONY TRV900) and recorded in a mini DV tape.  The
captured images were transferred from a DV recorder (Panasonic
NV-DM1) to a PC, and processed on the PC.  In reconstructing
the visualized images based on Taylor’s hypothesis, a necessary
range of pixels were cut out of 600 images with a frame rate of
30 fps, and connected in chronological order to obtain a single
image.

UVP measurement method

Ultrasonic velocity profile (UVP) measurement is conducted
in such a way that an ultrasonic beam is emitted into the water
and the ultrasonic Doppler-echoes from the seeding particles
within the water are detected and analyzed.  For Met-Flow Model
X3-PS used in this experiment, the same ultrasonic transducer
is utilized both to send and to receive an ultrasonic wave, and

~the instantaneous velocity information vξ on the ultrasonic beam
is measured as the function of the distance ξ in the beam direc-
tion.  By repeating this procedure temporally, the time-series

~data of velocity profile vξ(ξ, t) is obtained.
In this experiment, an ultrasonic transducer with the basic

frequency of 4 MHz and 5 mm in diameter was used.  The ultra-
sonic beam was directed in parallel with the x-direction and the

~ ~y-direction, and u (x, t) and v (y, t) were measured, respectively.
At this time, as ultrasonic scattering particles, hydrogen bubbles
continuously generated from a platinum wire of 80 µm in diam-
eter located in the upstream of the measurement position were
used.  When it comes to the space and time sampling intervals

Fig. 1  Flow field and coordinate system.

under the operating conditions of this experiment, the time in-
terval was about 38 ms, and the space intervals was 2.96 mm in
the x-direction profile and 2.22 mm in the y-direction profile.

In processing the velocity profile data, the space and time
~profile vξ(ξ, t) of the instantaneous velocity component in the ξ-

direction is divided into the mean component and the fluctuat-
~ing component, and expressed as vξ(ξ, t) = Vξ (ξ) + vξ (ξ, t).

Then, the fluctuating component profile is analyzed by using
Fourier transform and POD to examine the space and time vari-
able characteristics of the flow field.  This procedure should be
referred to Inoue et al. [14].

RESULTS AND DISCUSSION

Flow visualizations by the dye images

The dye pattern emitted from the Uranine coated over the
circular cylinder was illuminated with a laser light sheet posi-
tioned in parallel with the x-y plane.  The images captured in
this method are shown in Fig. 2.  The rotational speed ratios of
the shown images were Uc

* = 0, 1.0, 1.85, 2.0, 3.0, 4.0 and 5.0.
As evident from the figure, changes in the wake pattern due to
the rotational speed ratio Uc

* are significant.  At Uc
* = 0, a vor-

tex street subjected to alternative shedding due to the roll-up of
the separated shear layer is observed.  Also at Uc

* = 1.0, the
shear layer separated on the pressure side and suction side was
rolled up, respectively, composing a vortex street similar to that
at Uc

* = 0.  However, differences from the flow field at Uc
* = 0

lie in that the cylindrical vortex formation region is closer to the
circular cylinder and that the center axis of the vortex street is
deviated upwards from the x-axis.

Here, it should be noted in this visualization method that the
dye is emitted from the circular cylinder surface but the flow
separation points are not existent on the circular cylinder sur-
face except for the case at Uc

* = 0.  Since the dye supply to the
separated shear layer is not so reliable as seen at Uc

* = 0, there is
no choice but to reply on other dye transport mechanism.  That
is, the dye is carried out of the surface through the boundary
layer adhered to the circular cylinder surface and rotating to-
gether, and carried away to the downstream by the flow in the
outer layer.  In the photo of the case at Uc

* = 1.0, the separated
shear layer from the pressure side is visualized as a layer with a
high dye concentration, while no such layer is seen on the suc-
tion side.  At Uc

* = 1.85 and 2.0, the layer with a high dye con-
centration is not observed on the pressure side or the suction
side, and a very narrow dead water area is seen behind the cir-
cular cylinder.  There is little dye pattern appeared showing the
vortex street in the wake, but only dye streaks have feebly or-
dered features.

When the rotational speed is faster, the flow in the boundary
layer is under a strong centrifugal instability, and a vortex struc-
ture similar to Taylor vortex around the circular cylinder [13].
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(a)  Uc
* = 0

(b)  Uc
* = 1.0

(d)  Uc
* = 2.0

(e)  Uc
* = 3.0

(f)  Uc
* = 4.0

(g)  Uc
* = 5.0

Fig. 2 Plan views of wakes behind the rotating circular cylinder
visualized with a thin laser light sheet.

(c)  Uc
* = 1.85

This vortex receives a supply of dye from the circular cylinder
surface, forming a banded area with a high dye concentration.
This vortex area breaks away from the circular cylinder under
the influence of the flow in the outer layer.  These behaviors are
clearly seen in the photos of Uc

* = 3.0 and 4.0.  The complicat-
edly winding dye patterns fill in the broad layer almost disor-
derly.  At a higher rotational speed ratio of Uc

* = 5.0, the bound-
ary layer on the circular cylinder appears turbulent, and dye
patterns of various scales, like turbulent eddies, can be seen in
the wake shear layer.

Contrast with the dye images and velocity contour maps

In this section, the contrast between the dye patterns shown
in Fig. 2 and the flow field is considered at a location compara-
tively near to the circular cylinder, x / d = 3.  For this purpose,
the visualized images are reconstructed based on Taylor’s hy-
pothesis and shown in Fig. 3.  The flow field is obtained from
the y-direction UVP measurement at x / d = 3, and shown as a
contour map of the fluctuating velocity v (y, t) in Fig. 4.  In the
figure, the solid line represents the positive fluctuating velocity
contour and the broken line the negative fluctuating velocity
contour.  The results are shown as to the cases with the rota-
tional speed ratios Uc

* = 0, 1.0, 1.85, 3.0 and 5.0, respectively.
In contrast of dye patterns between the flow fields with Uc

* =
0 and 1.0, there is a difference in dye concentration, there is
agreement in the fundamental structure that the cylindrical vor-
tex areas are arranged alternately with the center axis between
them and these two areas are connected staggeringly.  There is a
good agreement in fluctuating velocity contour between these
rotational speed ratios, representing the y-direction velocity field
induced to the cylindrical vortices of the staggered arrangement.
At Uc

* = 1.85, there is no dye pattern corresponding to the well-
organized cylindrical vortices, but rather the dye pattern like
zigzagged lines is dominant.  In correspondence with the weak-
ening of the cylindrical vortices, there is no longer the orderli-
ness in the v-fluctuation pattern, and the fluctuation amplitude
is considerably weakened in comparison with that at Uc

* = 0 and
1.0.

On the other hand, the dye pattern at Uc
* = 3.0 forms a wid-

ening layer of streaky, high-dye-concentration area originated
in Taylor vortex, and its coherence is low.  This is also clearly
seen in the v-fluctuation contour map.  Furthermore, the fluc-
tuation energy within the layer is considerably low.  Lastly, in
the flow field at Uc

* = 5.0, like in the flow field at Uc
* = 3.0, the

visualized pattern is seen with dye lumps filled in the wide layer.
In comparison with these two flow fields, the layer at Uc

* = 5.0
is considerably wider, the individual dye lumps are of more com-
plicated shape and of more minute segmentation, and the dye
concentration is lower.  However, there is an organized velocity
fluctuation area seen in the v-fluctuation contour map.  This
implies the generation of an organized motion whose image is
different from that of the flow at Uc

* ≤ 3.0.

Lateral fluctuating velocity field

In order to quantitatively discuss the variation in the flow
structure according to the rotational speed ratio considered un-
til the preceding section, the y-direction UVP measurement data
is analyzed statistically.  Figure 5 shows the total energy of the
v-fluctuation within the wake shear layer, Ev, in relation to the
rotational speed ratio. Here, Ev is defined by the following equa-

tion:

. (1)

It is evident from the figure that the high fluctuation energy
held at Uc

* < 1 sharply decreases along with the increase in the
rotational speed ratio within a range of 1 < Uc

* < 1.7, and fur-
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Fig. 3 Dye images based on the Taylor’s hypothesis Fig. 4 Contour maps of velocity fluctuation in the y-direction.

(a)  Uc
* = 0

(b)  Uc
* = 1.0

(c)  Uc
* = 1.85

(d)  Uc
* = 3.0

(e)  Uc
* = 5.0

ther slowly decreases within a range of 1.7 < Uc
* < 3.  Ev re-

mains little changed within a range of 3 ≤ Uc
* ≤ 4, and increases

again when Uc
* ≥ 5.

Next, the lateral-direction fluctuation characteristics of the
shear layer are analyzed by the POD method, and the spatial
mode of the v-fluctuation profile is identified firstly.  The eigen-
values, λv

(n) and the empirical eigenvectors, φv
(n) are shown in

Figs. 6 and 7, respectively.  Here, n is an integer representing
the mode, and only the results of n = 1 and 2 are shown in these
figures.  The eigenvalues, i.e., the ratio of contribution from
each mode to the total energy, are as high as 75 to 80% at Uc

* ≤
1.25 only in the 1st mode.  Then, the contribution ratio sharply
decreases along with the increase in the rotational speed ratio
within a range of 1.25 < Uc

* < 3.5 down to the minimum ratio of
25% at Uc

* = 3.5.  The contribution ratio λv
(1) increases along

with the rotational speed ratio within a range of 3.5 < Uc
* < 5 up

to over approx. 40% at Uc
* ≥ 5.  On the other hand, the contribu-

tion ratio λv
(2) remains lower than the contribution ratio λv

(1).  It
takes the maximum value of 12% at Uc

* = 2.25, and shows al-
most constant value within a range of 3 ≤ Uc

* ≤ 4, and reaches
approx. 15% at Uc

* = 5.0.  It is evident from these results that
there is a distinguished mode in the v-fluctuation profile of the
wake in the vicinity of the rotating circular cylinder, and that,
except for the rotational speed ratio range of 3 ≤ Uc

* ≤ 4, the
spatial fluctuations in the 1st and 2nd modes make the energy
contribution of 50 % or more.

In Fig. 7, the eigenvectors of these modes are normalized by
using the maximum value of φv

(1), and also the y-coordinate is
normalized by using the position yc in which the φv

(1) is the
maximum value and the half-value width b0.5 of the φv

(1) pro-
file.  From this scaling, the eigenvectors have similar distribu-
tions at all rotational speed ratios within the experimental range.
It is evident from this that the spatial mode with dominant v-
fluctuation receives almost no influence of the rotational speed

(a)

(b)

(c)

(d)

(e)
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ratio.  Furthermore, it is interpreted that the 1st mode represent-
ing the bell-shaped distribution shows the y-direction funda-
mental oscillation of the shear layer and that the 2nd mode,
which is an odd function, shows the expansion and compres-
sion around the center axis of the shear layer.

The relation of yc and b0.5, which characterize the spatial
scale of the wake shear layer, to the rotational speed ratio are
shown in Fig. 8.  The coordinates, yc can be interpreted as the

(a)

(b)

Fig. 7 Distributions of the eigenfunction at the first two
POD modes.

Fig. 5 Energy of v-fluctuation at x / d = 3.

center of the shear layer, that is, the magnitude of the wake
deflection due to the rotation of the circular cylinder can be
estimated.  On the other hand, b0.5 indicates the y-direction scale
of the shear layer.  From Fig. 8(a), it is seen that yc increases
almost linearly at Uc

* ≤ 1.25.  It reaches the relative maximum
of 0.51 d at Uc

* = 1.25, then increases monotonously from the
minimum value of 0.35 d at Uc

* = 1.75 up to 2.4 d at Uc
* = 5.0,

and then almost flattens out at Uc
* ≥ 5.  In contrast, it is seen

from Fig. 8(b) that the half-value width b0.5 shows almost a
constant value of 1.3 d, then, in a range of 1.25 < Uc

* < 3, de-

(a)

(b)

Fig. 8 Center position and width of the shear layer.

Fig. 6 Eigenvalues in the 1st and 2nd mode.

Fig. 9 Power spectrum of the random coefficient of v-fluctuation in
the first POD mode at x / d = 3.
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creases monotonously along with the increase in the rotational
speed ratio, then in a range of 3 ≤ Uc

* ≤ 4, shows approx. 0.7 d
with little change, then, at Uc

* > 4, increases sharply, and then
reaches 2.1 d at Uc

* = 6.0.

Spectra of the random coefficient

Lastly, the spectrum obtained as a result of Fourier transform
of the velocity fluctuation is described.  According to the analy-
sis by the POD method of the v-fluctuation distributions de-
scribed in the preceding section, the space mode of the fluctua-
tion is identified, and the information in the time direction is
obtained by projecting the fluctuation data set to each spatial
mode.  This is called “random coefficient” and defined by the
following equation:

 . (2)

By obtaining the spectrum of this coefficient, the occurrence
state of each spatial mode can be examined in the frequency
space.  In this flow field, as shown in Fig. 6, since the fluctua-
tion of the 1st mode is distinguished, the power spectrum of this
1st mode alone is shown in Fig. 9.  At Uc

* ≤ 1.5, a spectral peak
with the dimensionless frequency f d / U0 ≈ 0.21 in the center is
seen. This peak frequency increases slightly along with the in-
crease in the rotational speed ratio.  At Uc

* = 1.85, broadband
spectrum having high-energy hump is seen in a range of f d / U0
= 0.2 - 0.4.  At Uc

* ≥ 3, the spectrum monotonously lowers the
energy density toward the high-frequency zone, showing the
profile similar to turbulent spectrum.

CONCLUSIONS

Results in the present study are put together, this flow field is
classified, and the boundary values of the rotational speed ra-
tios are shown in approximate numerical values as follows:

(i) 0 ≤ Uc
* ≤ 1.25 : The flow structure is that the stag-

gered arrangement of the cylindrical vortex is domi-
nant, and the deflection amount of the center coordi-
nates of the vortex street increases linearly along with
the rotational steed ratio.

(ii) 1.25 < Uc
* < 1.85 : The width of the wake shear layer is

narrower in comparison with the lower rotational
speed ratio, and the deflection amount of the wake
center coordinates decreases due to the increase in
the rotational speed ratio.

(iii) 1.85 < Uc
* < 3 : The width of the shear layer and the

fluctuation energy contained in the shear layer de-
crease, together with the lowering of the coherence of
fluid motions, along with the increase in the rotational
speed ratio.

(iv) 3 < Uc
* < 4 : The flow in the shear layer is inac-

tive, and the width of the shear layer and the fluctua-
tion energy also take the minimum value, but only the
deflection amount of the flow in the shear layer in-
creases.

(v) Uc
* ≥ 5 : The disordered vortex structure like
turbulent eddy is dominant, and the width of the shear
layer and the fluctuation energy increase again.
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INTRODUCTION 

Taylor-couette flow can be observed usually in between two 
concentric rotating cylinders and applied intensively for 
bioindustry and medical field [1]. The study of flow pattern 
and bifurcation in the finite boundary (end-wall) with small 
aspect ratio become great interest. Nakamura [2] studies the 
flow pattern with the variation of aspect ratio (1-8). Benjamin 
[3] studied the mutation of primary flow at the length of 
comparatively short annulus was changed. Mullin [4] 
investigated the evolution of primary flow and the transition 
from N-cell mode to (N+2)-cell mode by flow visualization. 
However the dfficulty is to understand the mode bifurcation 
measuring the spatiotemporal internal flow completely. For 
this reason, the direct measurement of the internal velocity 
field is nessesary.  

 Recently, in a series of research by Takeda using an 
ultrasonic velocity profiler (UVP), the spatiotemporal velocity 
field was measured. The flow fields were analysed by using 
two dimensional Fourier transform and the orthogonal 
decomposition technique, and intensities of coherent structual 
modes were quantitatively obtained. The variation of the 
intensities of various modes with respect to Reynolds number 
clearly shows a transition behaviour of the quasi-periodic state 
resulting from the wavy vortex mode and the modulating 
waves, which is found to disappear suddenly [5]. 

The purpose of this study is to perform a direct 
measurement of velocity field in the Taylor-Couette vortex 
flow structure with small aspect ratio by using an ultrasonic 
velocity profiler (UVP) and a visualization by laser sheet. 
Furthermore, the characteristics of the vortex flow such as 
vortex mode bifurcation, vortex intensity and spectrum 
transition in each vortex mode are investigated by Fourier 
transform analysis. 

EXPERIMENTAL METHOD 

Fig. 1 shows the set up of UVP measurement system, and  
Fig. 2 shows the test section. Test section consists of 
concentric cylinders made of Plexiglas. The inner cylinder was 
rotated, being direct driven by electric motor and the outer 
cylinder was stationary. To isolate the external vibration 
transmission, the appliance was held at the special isolator of  
resonance frequency of 0.5Hz. The length of the cylinder was 
H=75mm. In this experiment, two sizes of test section were 
utilized. The first one has R1=15mm and R2=40mm 
corresponding to η=R1 /R2=0.375. The second one has R1= 
50mm and R2= 75mm corresponding to η=R1/R2=0.667. Both 
types has the same gap of ∆r=R2-R1=25mm and the aspect ratio, 
H/d=3. The working fluid was 68wt% glycerol water. The 
Reynolds number is given by Re=ΩR1d/ν (Ω is rotation 
frequency of the inner cylinder, ν is kinematic viscosity).The 
number of generated vortex cell can be controlled by 
acceleration and deboost of motor frequency. 

The applied measuring system for velocity profile 
measurements was UVP (MetFlow, Model X3-PSi ) with a 
personal computer for data analysis. The principle of the 
ultrasonic Doppler method is based on the echography for 
position information and Doppler shift relationships for 
velocity detection. For more details about the UVP measuring 
system, see Takeda 1995. 
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ABSTRACT 
In this study, experiment was carried out for Taylor-Couette vortex flow. Taylor-Couette vortex flow with small aspect ratio 

can be generated by two concentric rotating cylinders; a rotating inner cylinder and a fixed outer cylinder. Two test section sizes 
with radial ratio of 0.375 and 0.667 were applied. Aspect ratio and gap between inner and outer cylinder were kept constant 3 and 
25 mm respectively. Successive instantaneous and mean velocity profiles were obtained by using an ultrasonic velocity profiler 
(UVP). The spatiotemporal velocity field was analysed by two dimensional Fourier transform. In this case, the characteristics of 
Modulated Wavy Vortex Flow (MVF) and Wavy Vortex Flow (WVF) transition are confirmed. Furthermore, the bifurcations 
between each cell modes namely the N-2Cell, N-4Cell, A-3Cell and A-4Cell modes are clarified. 

Keywords:  Taylor-couette vortex flow, small aspect ratio, UVP 

Table 1. UVP parameters 

Basic frequency 8MHz 
Ultrasonic beam diameter 2.5mm 

Channel distance 0.87mm 
Measurement points 128(82) 
Number of profiles 1024 
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In the present investigation, the ultrasound transducer was 
located at the outer wall of the end plates. The transducer was 
placed at the upper plate for η=0.667 and lower plate for 
η=0.375. The axial velocity components were measured in 
between the gap at the distance of 7 mm from the inner cylinder. 
The parameters of UVP measurement are shown Table 1. The 
ultrasound transducer was operated with a basic frequency of 
8MHz. Then the sound velocity at 68wt% glycerol water was 
1800m/s. In order to obtain the different vortex mode and 
bifurcation of vortex intensity, the Re was varied in the range 
of 0-2800. 

Fig. 3 shows the set up of visualization. The conditions of 
each cell modes were visualized by using an Argon laser sheet. 
Static and moving images were obtained by digital camera and 
Hi-vision video camera, and edited by the personal computer. 

RESULTS AND DISCUSSION 

For the lower critical Reynolds numbers, the 
two-dimensional Couette flow is generated. In this case, the 
tangential velocity depends only on the radius position, V= 
(0,Vθ(r), 0). At the critical Reynolds number, the Couette flow 
becomes unstable and be transformed to the three dimensional 
Taylor vortex flow (TVF). In this case, the vortical structure 
called  “counter-rotating toroidal vortices” was generated. In 
Taylor vortex flow at small aspect ratio, various flow patterns 
appear.  

Fig. 4 shows the flow patterns obtained from visualization at 
the aspect ratio of 3. At a constant aspect ratio, the flow is 
classified as a primary mode and secondary modes. For the 
primary mode flow, the normal-2cell mode (N-2Cell, Fig. 4(a)) 
is formed smoothly from Couette flow by a gradual increase in 
Re. For the secondary mode, the normal-4cell mode (N-4Cell, 
Fig.4(b)) appears when the Re is increased abruptly at a certain 
value. The number of vortices in the secondary mode is 
different from those in the primary mode. From the results, 
normal mode can be observed only for the primary mode, 
while both normal and anomalous mode are observed for the 
secondary mode. On each end wall, the flow in the normal 
mode has a normal cell which gives an inward flow in the 
region adjacent to the end wall. The flow of the anomalous 
modes have an anomalous cell, which gives one or two 
outward flow near the end wall. In this case, the anomalous 
modes are anomalous-3cell mode (A-3Cell, Fig. 4(c)) and 
anomalous-4cell mode (A-4Cell, Fig. 4(d)). 

①
②

③ ④ ⑤

⑥
⑦

⑧

⑨

⑩

⑪

⑫

1．Taylor-Couette Vessel  2.Argon laser 3.AOM 
4.Cylindrical lens 5.Laser sheet  6.PIV driver 

7. Camera 8.PC 9.Motor 10.Controller  11.Tachometer   
12.Speed converter 

Fig. 3 Setup of visualization 

(a) N-2Cell (b) N-4Cell (c) A-3Cell (d) A-4Cell 

Fig. 4 Vortex mode at η=0.375 (Re=370) 

1.Motor, 2.Taylor-Couette Vessel, 3.Isolator, 4.US transducer, 5.Controller, 
6.Oscilloscope, 7.UVP monitor, 8.Personal Computer 

 

Fig. 1 Setup of UVP measurement Fig. 2 Test section 
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 With the increase in Re, the flow instability occurs and 
deforms the Taylor vortex to produce a time-dependent 
non-axisymmetric flow called the wavy vortex flow (WVF). 
With further increasing the Re, an additional wave mode 
appears which modulates the WVF; this flow is called the 
modulated wavy vortex flow (MWF).  

Fig. 5 and Fig. 6 show the velocity fields and the 
corresponding space-averaged power spectra in the WVF and  
MWF and turbulence flow for N-4Cell mode at η=0.667 and 
η=0.375, respectively. The velocity levels in those figures are 
represented by the color contour. For WVF, oscillation with 
basic wave frequency of 1.32Hz is appeared clearly from both 

velocity field and its power spectra in Fig. 5(a), while the basic 
wave frequency of 1.6 Hz is observed only from power spectra 
in Fig. 6(a). With increasing of Re, the basic wave frequency is 
shifted to higher level. At η=0.667 in Fig. 5(b), the additional 
frequency of 1.05Hz is appeared together with the existing 
basic wave frequency of 1.87Hz for Re=900. At η=0.375 in 
Fig.6(b), the broader shape of power spectra is appeared with 
increasing of Re upto 1230. Further increasing of Re, flow 
field become complete turbulence as illustrated in Fig. 5(c) and 
6(c). Thus, the characteristics of vortex flow can be obtained 
by FFT analysis. 

 

 

(a) N-4Cell mode, Re=640 
(Wavy Vortex Flow) 

(b) N-4Cell mode, Re=900 
(Modulated Wavy Vortex Flow) 

(c) N-4Cell mode, Re=2800 
(Turbulence Flow) 

Fig. 5 Velocity fields and the corresponding space-averaged power spectra at η=0.667 

 

 

(a) N-4Cell mode, Re=870 
(Wavy Vortex Flow) 

(b) N-4Cell mode, Re=1230 
(Modulated Wavy Vortex Flow) 

(c) N-4Cell mode, Re=2360 
(Turbulence Flow) 

Fig. 6 Velocity fields and the corresponding space-averaged power spectra at η=0.375 
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Using an ultrasonic velocity profiler, successive 

instantaneous and mean velocity profiles were obtained. 
 At N-2Cell mode, there is no significant difference of 

vortex intensity in the transition with the variation of Re. 
However the dependency of Re on vortex intensity is observed 
for N-4Cell and A-3Cell case. For example, Fig. 7 shows the 
bifurcation of vortex intensity for A-3Cell in term of Re. An 
upper and lower dotted lines represent vortex intensity for 
N-2Cell and N-4Cell respectively. With the increase of Re 
from Re=800, the characteristic of vortex intensity for A-3Cell 
approaches to the behavior for N-4Cell at Re=1060, then it 
switches to the behavior for N-2Cell when further increase of 
Re. During the increasing of Re from 800 to 1060, vortex 
intensity is departed from the original path at Re =1000. This  
can be explained by the influence of instability. In the other 
hand, the vortex intensity for A-3Cell approaches to behavior 
for N-2Cell when Re decreases. This bifurcation is the 
irreverible  process. 

CONCLUDING REMARKS 

 Spatio-temporal velocity profile of Taylor-couette flow at 
small aspect ratio was obtained by UVP measurement. 
Furthermore, the characteristic of each cell modes and 
spectrum transition of bifurcation were confirmed. Finally, 
bifurcation in term of Re was clarified by considering the 
measured vortex intensity.  
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Fig. 7 Influence of bifurcation of Vortex intensity to Reynolds number at η=0.667 
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INTRODUCTION 

Ice slurry consists of numerous ice particles with an average 
size below 1mm, suspended in a carrier fluid. It is therefore a 
two-phase colloidal suspension, classed in the family of the 
Phase Change Slurries PCS. There are two main different 
methods of producing ice slurry: the heterogeneous nucleation 
and the homogeneous nucleation. In this paper we deal only 
with the homogeneous nucleation. Direct injection, where the 
non-miscible refrigerant (dispersed phase) is injected into the 
brine fluid (continuous phase), is an interesting method in 
terms of energy and cost efficiency. (Chuard & Fortuin, 1999) 
with C4F8, (Wobst and Vollmer, 1999) with R600a and (K. 
Kiatsiriroat et al., 2003) produced ice slurry using this type of 
generator.  
In most research approaches, the first approximation to study 
direct contact evaporation is based on the study of single drops 
evaporating in an immiscible medium. A detailed review of the 
state of the art was performed by (Lugo, 2004). It has been 
confirmed experimentally, that the configuration of a single 
drop during evaporation is that given in (Sideman & Taitel, 
1964). As soon as the drop starts to evaporate, the liquid forms 
a meniscus at the bottom of the vapour bubble which begins to 
rise. Trajectories of rising bubbles were studied by (Zun, 
1986), (Tomiyama et al., 1993) and (Sletta et al., 04). Theo-
retical and experimental single drop studies have been carried 
out by many authors. (Sideman & Taitel 1964) used the general 
drop-bubble configuration to solve the energy equation; they 
give an expression of the average Nusselt number (Nu) as a 
function of the Peclet number (Pe) and the opening angle β 
(fig. 2); they assume that heat transfer only takes place at the 
liquid-liquid interface of the evaporating drop.  

 
 

 

 
They validate their expressions with experimental results ob-
tained with pentane and butane drops injected into distilled or 
sea water. (Tochitani et al., 1977) studied the evaporation of 
single drops of pentane and furan in aqueous glycerol. The 
same authors compare the experimental heat transfer charac-
teristics with a Stokes flow model. Heat transfer coefficients 
are determined using the liquid-liquid interfacial area or the 
total surface area of the evaporating drop as the heat exchange 
surface. (Shimizu et Mori, 1988) dealt with the evaporation of 
single drops of R113 and n-pentane injected into water under 
pressures up to 0.48 MPa. The heat flow rate is determined 
from the volume variation; the authors propose two configu-
rations: 1) the drop consists of saturated liquid and saturated 
vapour of the dispersed phase (explanation given in the re-
mainder); and 2) the drop consists of saturated liquid of dis-
persed phase and saturated vapours of both the water and the 
dispersed phase.  
The main objective of this study is, to investigate if Ultrasonic 
Doppler measurements are adequate to better understand the 
interrelated phenomena involved in such injection and evapo-
ration of the refrigerant including the ice creation. (Ata-Caesar, 
2004) performed a complete study on the choice of the refrig-
erant for this ice generation technology. For laboratory safety 
reasons however, the present studies were done with the re-
frigerant C4F8.  

BASIC THEORY 

The injection 
The configuration of the injected refrigerant can be classified 
into the four flow regimes shown in fig. 1 (Clift et al. 1978). 
With interfacial tension as a parameter, the regimes are a 
function of the nozzle characteristics and the flow rate of the 
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ABSTRACT 
 

Important reductions of refrigerant amounts can be achieved by using secondary refrigeration fluids. Ice slurry is a 
two-phase fluid and thus, compared to single phase secondary refrigeration fluids, offers the advantage of the latent 
heat of fusion when the ice phase melts during heat exchange. Therefore, the challenges that the introduction of ice 
slurry as a common thermal fluid is facing are, in the first place, how to generate ice slurry in an efficient and 
ecological way. Optimal design of a direct contact ice slurry generator requires studying the injection and the 
mechanisms of the evaporation of the refrigerant in the aqueous solution. The evaporation chamber is the main 
domain of our investigations presented in this paper. Some aspects of the evolution of the liquid-to-gas 
phase-change of the refrigerant, and of the liquid to solid phase-change of the water are presented in this article. 
Basic theory, velocity profiles achieved by Ultrasonic Doppler Method (UDM), and extracted values from meas-
urements help to understand how to optimise the process of ice creation by an expanding jet of refrigerant in a 
column of water.  
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injected fluid. Based on the following definition of the injec-
tion Reynolds number as proposed in (1): 
 
Reinj = δc*Dinj*Uinj/ µc   (1) 
 
(Meister and Scheele, 1969) point out three flow regimes. For 
Reinj below 300 the regime is drop to drop. For Reinj between 
300 and 3000 the injected fluid configures in a column-like 
flow pattern. The last case is the turbulent regime, often de-
noted atomization. We have investigated the drop to drop 
regime. 

 
Fig. 1: Injection regime as a function of the mass flow and the 
nozzle characteristics. 

 
The evaporation 
To schematize the evolution of the evaporating drop, a sim-
plified model was used (Lugo, 2004) to describe the geometry 
of the evaporating refrigerant drop (fig 2). The word “drobble” 
in the following text refers to a liquid drop during evaporation. 

 
Fig. 2: Geometrical description of a drop during evaporation. 
The drop quality (ζ) is the ratio of the vapour to initial drop 
mass. 

The radius as a function of drobble quality is expressed by: 
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The bubble opening angle as a function of drobble quality is 
expressed by: 
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where β is the opening angle, R and R0 are the radius and the 
initial radius, ρl and ρv are refrigerant liquid and vapour den-
sities. These equations can be used to predict the growth of the 
drobble. The drobble velocity U is obtained by simplifying and 
solving the following momentum equation: 

                        

( ) 223
3
4

2
URCgR

dz
dUUV Dcdcdd ρππρρρ −−=  (4) 

where g is the gravity, V is the volume, CD is the drag coeffi-
cient, ρc is the carrier fluid density, z is the vertical coordinate 
and index d stands for “dispersed phase” (related to the system 
drop + bubble). Rigorously, other terms should appear in this 
equation (added mass, parachute effect, etc.) but they prove to 
be negligible as the evaporation starts. The motion is mainly 
controlled by buoyancy and drag forces. There are many ex-
pressions for the drag coefficient of drops and bubbles, but 
many authors use only some formulae for air bubbles. Heat 
transfer is governed by: 

dz
dhVUTThSQ vdddchex
ζ)( ∆=−= ρ&  (5)   

where Q& is the heat exchanged between the carrier fluid and 
the particle per unit time, Shex and h are the heat transfer surface 
and the heat transfer coefficient (they vary widely from one 
author to another), Tc and Td are the temperature of the carrier 
fluid and the particle temperatures (for the evaporation of a 
single drop, both are assumed to be constant) and ∆hv is the 
enthalpy of vaporization of the refrigerant. 

 
EXPERIMENTAL METHOD 
 

The experimental setup 
Our experimental setup for ice slurry generation (fig. 3) is 
identical to the one of (Chuard & Fortuin 1999).  

 
Fig. 3: Schematic drawing of the direct injection system. 

In this vapour compression cycle direct contact evaporation is 
applied. Technical differences from the conventional installa-
tions are the evaporation chamber and the injection of refrig-
erant. The injection is performed through a nozzle, which 
causes not only the expansion of the refrigerant but also the 
movement and turbulence of the mixture in the evaporation 
chamber. A tube in Plexiglas of 400mm diameter was fixed 3 
cm above the nozzle to concentrate the injected flux of refrig-
erant. The refrigerant expands and evaporates inside the 
evaporation chamber at constant pressure and constant 
temperature (<0°C). The vapour rises through the contents of 
the chamber and the compressor sucks it away. During the 
evaporation, the latent heat of vaporization is withdrawn from 
the surrounding carrier fluid. At locations where this cooling 
effect leads to temperatures slightly below the freezing 
temperature of the aqueous solution, the water in the solution 
begins to freeze to tiny ice particles, which are suspended in 
the remaining unfrozen aqueous solution. This way, a certain 
amount of the water of the solution can be transformed to 
finely dispersed ice. The remaining aqueous solution has a 
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higher concentration of freezing depressing agent and stays 
liquid.  
The applied measurement device for experimentally studying 
the injection is an Ultrasonic Velocity Profiler UVP-XW3. The 
positions of the UVP probes are detailed in fig. 4. The UVP 
measurements were performed separately for each height. 

 

Fig. 4: Drawing of the evaporation chamber with the position 
of the four ultrasonic transductors of 2 MHz. 

RESULTS AND DISCUSSION 

One way to show the results of a UVP measurement is the 
colour plot showed in fig. 5. From this plot, the diameter, 
velocity and horizontal position of drobbles can be extracted. 
Table 1 shows average values determined from recorded data 
such as in fig. 5 and fig. 6. The velocity, size and drobble 
position along the ultrasonic beam are listed for the four 
heights where measurements were taken. 

 
Fig. 5: UDM series of thousand velocity profile measurements 
of drop to drop injection regime at z = 800mm above the in-
jection nozzle. 
 

 
 

Fig 6: Velocity profile used for the determination of the di-
ameter and velocity of the drobbles at z = 800mm. 

 
Level Z [m] D [mm] U [m/s] xmax [mm] finj [Hz] 

1 0.5 22.2 0.366 -3.9 / 4.5 0.737 
2 0.8 26.6 0.432 -12.4/ 10.8 3.119 
3 1.1 23.7 0.448 -17.4/ 16.1 0.758 
4 1.4 24.9 0.397 -21. 6 / 18.7 1.4 

Table 1: Synthesis of mean values determined from data of 
Ultrasonic Doppler Method investigation. 

 
The probability that the trajectory of a drobble crosses the 
ultrasonic beam (diameter = X mm) decreases with the distance 
between the nozzle and the investigated position. The drobble 
diameter for each level is determined from the maximal trace 
of each measurement series. Figure 7 shows the drobble di-
ameter versus column height determined with UVP (points). 
The measured value at the second level deviates rather strongly 
though. The dashed line indicates the rapid drobble growth 
shortly after injection of the liquid drop. 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 7: Experimental results of the drobble diameter versus the 
distance z.  
 
Figure 8 shows the drop velocity as a function of the column 
height determined with UVP (points). The tendency is shown 
with the line. The measured value at the highest level deviates 
rather strongly though. The dashed line indicates the strong 
drobble acceleration due to its rapid growth shortly after in-
jection of the liquid drop. 

 
Fig. 8: Experimental results of the drop velocity versus the 
distance z. 

 
A two dimensional description of the drobble trajectory can be 
determined by looking at the position of each particle appear-
ing in the measured velocity profile series (as in fig. 6). For 
each investigated level, the two particles found at the largest 
opposing distances from the nozzle axis are represented in 
figure 9.  
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Fig. 9: Maximal lateral position versus column height z ob-
tained UVP. The axis of the nozzle is located at X = 0. 

 
Ultrasonic Doppler measurements appear to be suitable for 
investigating the fluid dynamic behaviour of refrigerant drops 
evaporating in a non-miscible fluid as occurs in the evapora-
tion chamber of a direct contact ice slurry generator. Com-
parison of the UDM experimental results with numerical 
simulations of the aforementioned fluid dynamic behaviour 
can provide an efficient approach towards utilising UDM in 
experimental multiphase fluid dynamics investigations. At 
present, commercial Computational Fluid Dynamic (CFD) 
codes can be efficiently applied to investigate bubbly flows, 
drag on particles and the influence of turbulence on flow pat-
terns. However, the phenomena occurring during the evapo-
ration of liquid drops in a liquid surrounding are not yet im-
plemented in commercial CFD codes. This limitation calls for 
specialized numerical simulation codes, which take the drop to 
bubble phase change into account, in order to be able to 
compare theoretical to experimental results for the entire drop 
to bubble evolution. Numerical investigations (Lugo, 2004) 
have shown remarkable dependence of the drobble behaviour 
on the initial conditions of the injected refrigerant drop, such as 
the initial diameter and velocity.  These necessary parameters 
for reasonable theoretical investigations are although difficult 
to determine. 

CONCLUSIONS AND OUTLOOK 

The Ultrasonic Doppler Method has been applied to the proc-
ess of ice slurry generation by direct injection of a refrigerant 
into an aqueous solution. Some theory of the physics involved, 
such as the injection regime and the evaporation processes, has 
been shown. The main objective of this work has been to in-
vestigate the fluid dynamic behaviour of evaporating refrig-
erant drops in an immiscible fluid and the approach taken has 
been to evaluate how suitable the UDM technique is for such 
investigations.   
The diameter, the velocity and the position of evaporating 
refrigerant drops were determined from the results of Ultra-
sonic Doppler measurements. The determined values agree 
well with numerical results. For better comparison with nu-
merical simulation, improved studies of the initial conditions 
of the injected refrigerant drop are needed.  
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NOMENCLATURE 
Latin symbols 

CD   drag coefficient 
D mean diameter (m) 
g gravity (m s-2) 
h heat transfer coefficient (W m-2 K-1) 
∆hv   enthalpy of vaporization (kJ kg-1) 
Q&  power (W) 
R radius (m) 
Shex heat exchange surface (m2) 
T temperature (°C) 
U velocity (m s-1) 
V volume (m3) 

    z vertical coordinate (m) 
Greek symbols 

β opening angle 
ρ density (kg/m3) 
ζ drop quality 
µ        dynamic viscosity (Pa s) 

Subscripts 
c continuous phase  
d dispersed phase 
l dispersed liquid phase 
v dispersed vapour phase 
inj      injection 
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ABSTRACT 
Time dependent velocity distribution of an oscillating pipe flow has been measured by ultrasound Doppler 

method. Velocity field showed typical pulsatile flow nature as totally different from a stationary pipe flow. 

Time domain Fourier transfer was used to obtain temporal characteristics of this flow, as being space dependent 
power spectrum. By decomposing temporal characteristics and analyzing their spatial dependence of each model, 
we found the energy is more concentrated in the boundary region (named as HPA – Higher Power Area), and it 
appears that turbulence starts to be generated in this area by increasing Reynolds number. 
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INTRODUCTION 

The theoretical solution of purely oscillating flow was 
determined by Uchida [1], and Annular Effect was known as 
preceding of the phase near the wall of the pipe. Experiments 
on oscillating pipe flow have been carried out by Christian von 
Kerczek [2] for the Stokes layer in oscillating flow and Merkli 
& Thoman [3], Hino [4] for transition to turbulent flow. 

In earlier experiments, it was possible to measure at only 
one spatial point at the same time. In this experiment, 
Ultrasonic Doppler Method (UDM) made possible 
measurement on a line at the same time. The spatial structure of 
the oscillating pipe flow can be available with UDM. 

 

STABILITY DIAGRAM 

Figure 1 shows the stability diagram of purely oscillating 
pipe flow. The types of oscillating pipe flow can be classified 
in terms of the Reynolds number Rδ and Stokes parameter λ 
into laminar flow, weekly turbulent flow and conditionally 
turbulent flow. In weakly turbulent flow, turbulence is 
generated weekly. In conditionally turbulent flow, turbulence 
is generated suddenly in the decelerating phase. Rδ is defined 
as Rδ =Uδ/ν using the Stokes-layer thickness δ =(2ν/ω)1/2 and 
the cross-sectional mean velocity amplitude U=Aω. λ is 
defined as λ =1/2d(ω /2ν)1/2. (ν =kinematic viscosity, 
ω =angular frequency, A=amplitude and d=inner diameter of 
the pipe) 

 
 

 
Figure 1. Stability Diagram, Hino et al. [4] 

EXPERIMENTAL ARRANGEMENT 

The general arrangement of the equipment is shown in 
Figure 2. The pipe is connected to the reservoir at one end. The 
oscillations are driven by an oscillating piston at the other end. 
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Figure 2.Experimental arrangement and coordinate axis
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A liner motion stepping motor makes the monotonic oscillation 
of piston. The pipe has an inner diameter of 26 mm and a 
length of 2000 mm. The measuring section is in a large water 
tank to prevent changing of temperature. 

Velocity was measured by Ultrasonic Velocity Profiler 
(UVP) with a basic frequency 4 MHz. The transducer is fixed 
above the pipe with an angle of 78° between the ultrasonic 
beam axis and the pipe axis. The tracer is Grilex5P1 
(ρt=1.05g/cm3). 20 % Glycerol-water solution is used for the 
fluid to make the density of fluid closer to the density of the 
tracer. 

Coordinate axes are shown in Figure 2. The origin O is set 
on the center of the pipe. The x-axis has the direction of the 
axis of the pipe. The r-axis has the direction of the radius of the 
pipe. The x-component of the piston xt is the intersection of the 
x-axis and the ultrasonic beam axis. 

The piston moves with sin-wave x=A sinωt (x =position 
of piston head, A =amplitude of sin-wave, ω =angular 
frequency and t=time). A was kept constant A=100 [mm]. ω 
was set at 0.31, 0.62, 1.25 and 3.14 [rad]. Then Rδ =61.5, 87.0, 
123.0 and 194.5 and λ=4.0, 5.7, 8.0 and 12.6 (Figure. 1 (a) ~ 
(d)). The measuring points are set every ∆r/D=0.028 from 
r/D=-0.5 to r/D=0.5 every ∆x/D=0.769 from x/D=5 to 
x/D=23.4. 

 
EXPERIMENTAL RESULTS AND ANALYSIS 

Figure 3 shows an example of an instantaneous velocity 
profile in the accelerating phase. The velocity near the wall is 
higher than center (Annular effect). Figure 4 is a typical 
example of the velocity-time series at one spatial point 
showing a regular sinusoidal motion. 

Each time series data was analyzed by FFT in order to see 
the temporal characteristics of the flow. 

Then, analyzed data was averaged over x-axis for 5 < x/D < 
23.4. The space dependent power spectra are shown in Figure 5 
for various Reynolds number. The coordinate is the radial 
position and the abscissa is frequency. The collar represents 
the magnitude of the power. These graphs show the 
distribution of the power on the r-axis. The power of the base 
frequency is much higher than the others at every position. 
When Rδ and λ are increased, the higher order harmonics can 
be recognized clearly especially near the wall. 
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Figure 5. Space dependent power spectrum  
(a) Rδ=61.5, λ=4.0   (b) Rδ=87.0, λ=5.7     
(c) Rδ=123.0, λ=8.0  (d) Rδ=194.5, λ=12.6   

DISCUSSION 

Figure 6 shows the spatial distribution of the power of the 
base frequency at various Reynolds number. The distribution 
has one broad peak in the inner region of the pipe at Rδ =61.5, 
λ =4.0 (a). The distribution has two peaks outside of the central 
region at Rδ =87.0, λ=5.7 (b). We call those peaks Higher 
Power Area (HPA). Two HPAs appear too at Rδ =123.0, λ =8.0 
(c). But the location is closer to the wall and the space between 
each HPA is wider than (b). The distribution looks like a 
trapezoid at Rδ =194.5, λ=12.6 (d). For all cases power is lower 
just next to the wall. 
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Figure 7 shows the similar spatial distribution of the 
power of the second harmonic mode. Two HPAs appear near 
the wall, but their location is closer to the wall than that of the 
base frequency. The distribution looks almost flat in the inner 
region for all cases. 

-0.5 

The case (a) corresponds to laminar flow according to 
Hino [4] and Fig.1. The spatial distribution of the base 
frequency is higher in the inner region. This seems reasonable 
since oscillation is driven by a sinusoidal motion of the piston 
and the energy is given to fluid uniformly. On contrary for (c) 
to (d), Most of the power is distributed near the wall. This 
indicates that this mode is generated by being caused by a 
boundary layer. It may be considered that the energy of the 
basic mode is transferred to this higher harmonic mode inside 

Figure 3. Example of velocity profile 
(Rδ=123.0, λ=8.0, x/D=21.15, θ=1.3π) 
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Figure 4. Example of velocity-time series 
(Rδ=123.0, λ=8.0, x/D=21.15, r/D=0) 
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this boundary layer, and as a result, the power of the base 
frequency is much lower than in the inner region.  

From this result, flow transition from laminar to turbulent 
flow might be defined as following. For laminar flow the 
energy is concentrated only on the basic mode and there is no 
HPA of the fundamental frequency and are the power of the 
higher harmonic mode is low. When Rδ and λ are increased, 
HPA appears with fundamental frequency outside of the 
central region as well as for the higher harmonic mode. The 
HPA of harmonic mode appears just next to the wall at (b) and 
is moving to the central region of the pipe by increasing Rδ. 
The power itself appears to increase. Consequently, the flow is 
considered to transit to weekly turbulent flow.  

This result also indicates that the boundary layer is given the 
energy from the basic mode through the higher harmonic mode 
by nonlinear mechanisms because the power of fundamental 
mode is lower relative to other region and that of the harmonic 
frequency is higher near the wall. In other word, the fact that 
the power of fundamental frequency is higher near the wall 
when Rδ and λ are increased means the flow in this area is 
following the motion of the piston more faithfully. It 
corresponds to see the annular effect. However when Rδ and λ 
are small, the peak of the power of base frequency is at the 
center. Annular Effect may not be seen in laminar flow. 

 
 

CONCLUSION 

Spatial and temporal characteristics of the oscillating pipe 
flow was investigated. From the space dependent power 

spectra, flow transition might be defined using the appearance 
of HPA and the behavior of their location. The transition 
scheme observed seems to support the earlier investigation. It 
suggests a possible future work on the flow transition based on 
the energy transfer among various harmonic modes. 
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Figure 7. Spatial distribution of the power of second 
harmonic 

(a) Rδ=61.5, λ=4.0   (b) Rδ=87.0, λ=5.7  
(c) Rδ=123.0, λ=8.0  (d) Rδ=194.5, λ=12.6 

Figure 6. Spatial distribution of the power of base
frequency 

(a) Rδ=61.5, λ=4.0   (b) Rδ=87.0, λ=5.7     
(c) Rδ=123.0, λ=8.0  (d) Rδ=194.5, λ=12.6  
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