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Ultrasonic Velocity Profile method has many advantages for flow rate measurement of
power plant over the conventional flow measurement methods, such as measurement of
the instantaneous velocity profile along the measuring line and its applicability to opaque
liquids. Furthermore, the method has an advantage of being non-intrusive. Hence, it is
applicable to various flow conditions, although it requires a relatively large measurement
volume. In this paper, the effects of the measurement volume on the mean velocity
profile for flow rate measuerments of power plant and the Reynolds stress measurement
have been investigated for fully developed turbulent pipe flows in a vertical pipe. The
results are then compared with data obtained by Direct Numerical Simulation (DNS).

INTRODUCTION

Ultrasonic velocity profile method (UVP-method) for fluid flow measurement has been
developed for fluid mechanical study[1][2]. This method uses a pulsed ultrasonic
echography together with detecting instantaneous Doppler shift frequency to form a
velocity profile. One of its advantages is that it can obtain spatio-temporal information
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about the flow field. A pulsed ultrasound is used also for flow metering based on the
traveling time of the ultrasonic pulse. It has, however, critical restrictions on its
installation and its application is quite limited. Since the UVP method can obtain an
instantaneous velocity profile, it is expected to be used for flow metering with much
higher accuracy and to be applied with less restrictions.

Flow metering principle by UVP in a circular pipe depends on the alignment of
measuring lines. The most accurate way is b make a two or three-dimensional flow
mapping on the cross section of the pipe. At one axial location of a cylindrical pipe, a
flow rate is estimated as

Q(t)= Vz(r,q,t)rdrdq (1)

This requires a measurement of two-dimensional time-dependent velocity distribution,
but no assumption about any flow condition such as a degree of flow development,
Reynolds number and steadiness, so that it can realize a flow metering with minimum
restriction and with the highest accuracy. It also requires no calibration procedure of the
device for its flow rate value. It is however considered that this requires a large number
of measuring lines, namely transducers and a long time for data collection. For
overcoming this drawback, we make an assumption that the angular dependence of Vz

is weak. Adopting this assumption and locating all measuring lines on a diameter (going
through the center of the pipe) with inclination angle a reduces the equation to

Q( t )= { q Vz(r ,q, t) /s in(a)rdr } (2)

where DC}=2p/N.

It is expected that this enables one to realize the flow metering with the much less
number of transducers and with reasonably short measuring time. We performed a
laboratory experiment by which this simplification is confirmed to be effective. However,
it is necessary with regard to the measurement of turbulent flow to consider the effect on
the data, caused by the measurement volume, especially, since UVP requires a large
measurement volume compared to e.g. LDA. Even for LDA measurements of turbulent
flow, there have been several attempts to clarify the influence of the effective volume
size.

In the present study, the effect of the measurement volume on flow rate measurement
has been investigated for fully developed turbulent pipe flows in a vertical pipe and was
compared with a result obtained by Direct Numerical Simulation (DNS)[3] and result of
Laser Doppler Velocimetry (LDV) measurement^].
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DATA PROCESSING METHOD

Data correction of m ean velocity profile

The principle of UVP is based on detection of the echoes of ultrasonic pulses that are
reflected by a particle, which is suspended in the fluid. The position of the particle
follows directly from the time lapse between emission and reception of the sound wave
by the UVP transducer. Velocity of the reflector is evaluated by the instantaneous
Doppler shift frequency.

If the measurement volume is negligibly small and in the fully developed steady turbulent
pipe flow, the time-averaged local velocity d(y) can be obtained by

r o U ( y ' t ) d t = TT N

where y represent the position of the measurement volume from the wall, N is the
number of the echoes detected by the ultrasonic transducer, t represents the measuring
time and i is a discreet time. However, the measurement volume is finite size and also
velocity gradients exist across it. These velocity gradients are especially large in the
near wall region on the turbulent flow. Thus, the UVP measuement \olume and over
time,

U~(y) = l U ( x c , t ) d V (4)

where V is the measurement volume. It is well known that under these conditions errors
in turbulence measurements occur especially in region of high velocity gradients. Durst
etal.[5] derived correction to the turbulence LDA data of fully developed pipe flow based
on equation (4) above through the following assumptions:

* Time averaging can be performed independently and before the integration over
space.

# The velocity gradients in the axial and azimuthal directions can be neglected and the
only variation in the mean velocity is along the y-direction(distance from the wall)

With these two assumption, equation (4) becomes

U~(V) y ° f u ( ) d (5)

where d is the diameter of the measuement volume.

For the UVP method, the measurement volume has a disk-shape determined by the
effective diameter of the piezoelectric element that generates the ultrasonic beam
(diameter d ) and number of the cycles of the ultrasonic pulse (half of number of the
ultrasonic wavelength). The size of the effective diameter of the piezoelectric element for
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the UVP transducer was designed according to the basic frequencies. Considering this
disk control volume and expressing the time averaged velocity in a truncated Taylor
series expansion around its value at the center of the measuring control volume

U~(y) = U ( y c ) + G - ^ - ± (6)

where

n_\ rh3sin3q 2hr3sinqcos2q pr2cosq(h2sin2q+ r2cos2q)
S 12 3 8 K }

S = 2rh sin q + p r 2 cos q (8)

Basic ultrasonic frequency 4MHz and 8MHz have been used and the effective diameter
of each piezoelectric element in the UVP transducer were 5mm and 2.5mm, respectively
(Fig.1). The cycle number of the ultrasonic pulses was 4 and 8, respectively (Tablei).
The thickness h of the measurement volume with:

h=~T (9)
2 TB

where a is the number of ultrasonic pulses, C is the sound speed in the fluid and fe is the
basic ultrasonic frequency. The thickness h was 0.74mm in both cases.

Measurement mean velocity profile was calculated for estimation with that the true mean
velocity profile was thought how to be measured, when the size of the measurement
volume in this method was taken into consideration. Due to calculation for estimation
was used DNS as the true mean velocity profile. Because DNS was attained remarkably
development in recent years and conceived sufficiently accurate data. Estimated
measurement mean velocity profile Us(y)was calculated by simulated mean velocity

profile by DNS data U~7(y)as the true mean velocity profile. Which was considered
influence of that, it was included weight of disk as measurement volume of small area
across the velocity profile, as Fig.2.

Reynolds stress measurement

The Reynolds stress profiles were investigated in this work. To obtain the Reynolds
stress data from the UVP, it is necessary to measure two velocity components (u, v)
simultaneously. However, since it is impossible to measure two velocity components
simultaneously with one ultrasonic beam, two UVP transducers were mounted with
different angles (, ) against the flow direction and it was attempted to measure the
Reynolds stress profiles from the following procedure[6]: Using coordinate
transformations, the instantaneous velocity can be expressed in the term of its
components as shown in Fig.3.
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U = U + u (10)
\7=V+v (11)

Q = Ucosa+Vsina, (12)

The fluctuating velocity components fa-i, q2) on two measuring lines can be expressed
by

qj =vcosa + usina (13)
q2 =vcosb + usinb, (14)

If and are equally the Reynolds stress, uv, can be obtained from Eqs.(11) and (12).

2sin2a 2sin2a

where q'1 and q'2 are standard deviations of velocity fluctuation in the measuring
directions. It should be noted that the above-described method is applicable only for the
fully developed and steady state flows.

Error estimation

The UVP method has a large measurement volume as compared with the LDA method.
As it is shown in Fig. 2, this effect was considered by comparison with DNS data for the
pipe flow given by Eggels et al[3]. The mean velocity profiles as function of the
normalized wall distance Y+ are given as follows:

U * V Y + ^ ' d ^
where represents the kinematic viscosity of fluid, and ut is the wall friction velocity.
The wall friction velocity ut- was obtained by using the Blasius equation for the friction
factor as follows:

t u 2

Cf = — 1 * _ = 2 £-± =0.0791Rem 4 (17)
- r -Um

2 Um

where Cf is friction factor, r the density of fluid, the wall shear stress, Um mean velocity
and Re Reynolds number. (Re = Um D / ; D : pipe diameter)

Results are plotted in Fig. 4, with the measurement volume as parameter. This graph
was plotted to estimate the influence of different measurement volumes at Re = 5,300.
There is some general trend that the deviation of measured data compared to data
provided by DNS increases with the increasing measurement volume, in particular in a
region of significant changes in the velocity gradients as explained by Eq. (6).
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Furthermore, magnitude of calculated-error of flow rate from estimated mean velocity
profile is shown in Fig. 5, since the series of our study for UVP method included flow rate
measurement using the measured mean velocity profile from UVP method. In this case,
as shown in Fig. 5, whenever calculated flow rate from estimated mean velocity profile
was compared with calculation from DNS data, error of flow rate was increased with the
increase of d+ and about 1.52% at d+ = 54. The comparison with experimental data will
be discussed in section 5.

EXPERIMENTAL SETUP

The experimental apparatus was setup to put emphasis on the formation of fully
developed turbulent pipe flow. A schematic diagram of the experimental apparatus used
in this work is shown in Fig. 6. The experimental apparatus consists of a water
circulation system, a test section and a measurement system. In this study, only single-
phase turbulent pipe flow in downward direction was investigated. The water was
circulated by a centrifugal pump from the storage tank into the overflow tank at the
overhead position of the pipe. The water was supplied into the pipe through a rectifier,
which was located downstream and followed by an inlet nozzle served to minimize the
developing length. The flow rate was regulated by the needle valve and monitored by
flow orifices and pressure sensor located downstream of the test section. During the
experiment, water temperature was kept constant at about 20°C using a subcooler and
heater installed inside the storage tank. The flow measurement system consisted of the
X-3 PS-i model UVP monitor (Met Flow AG) and a personal computer, which recorded
the flow rate by the flow orifices and temperature data by the thermocouple. Settings of
the UVP during the experiments are listed in Table 1.

The vertical pipe was made of Plexiglas, with the total length, inner diameter and wall
thickness were 6 m, 50 mm and 5 mm, respectively. The test section in the water
container was located at 4 m downstream the entrance of the pipe. A tripping ring
installed at the inlet of the pipe induced turbulence transition. Thus, the required
developing length for fully developed turbulent pipe flow was reduced.

The test section is shown in Fig. 7. The UVP transducer was mounted on the surface of
the outer wall at a contact angle of q to the normal plane of the wall. The wall thickness
of the pipe in this test section was 1 mm, because the ultrasonic beam demands low
resistance against ultrasonic wave propagation. The test section was surrounded by
water to form an acoustic coupling between wall and transducer. The water temperature
in the container was almost equal with that of in the test section.

As a reflector material, nylon powder (Daisel Huls Ltd, WS200P) was suspended in
water and the concentration was adjusted to 2.8 per measurement volume in the case of
4 MHz and 0.7 per measurement volume in the case of 8 MHz basic ultrasonic
frequencies. The average particle diameter is approximately 80 m and the specific
gravity of particle is 1.02.
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RESULTS AND DISCUSSIONS

The measured mean velocity profile for basic ultrasonic frequency 4 MHz (d = 5.0 mm,
d+ = 36.3) and 8 MHz (d = 2.5 mm, d+= 18.1) in fully developed turbulent pipe flow at
Reynolds number of 5,300 with DNS data as the true mean velocity profile are shown in
Fig. 8. In addition, Fig. 8 includes simulated mean velocity profiles calculated from Eq.
(6) considering the effect of the measurement volume in this method. These profiles are
in good agreements with the DNS data.

The mean velocity profile measurement at Re = 5,300 was correctly in comparable with
DNS data. Furthermore, the authors considered higher Reynolds numbers in
comparison with LDA data at Re = 5,300, 8,000, 15,000 and 20,000. These results are
shown in Fig. 9 where general agreement can be confirmed. Some data were missing as
they get near to the wall, because measurement volume would increase with increasing
Reynolds number. It was expected that the UVP method would be useful for flow rate
measurement in industrial applications by considering the above results and other
investigation for UVP method at high Reynolds numbers (i.e. Re = 4.0 x105 and 2.6
x106) as investigated by Takeda, et al. [7].

In this paper, Reynolds stress profiles in fully developed turbulent pipe flow were
obtained by using two methods: First, it was calculated from two measurement lines as
mentioned in section 2.3. Secondly, it was obtained from the mean velocity profile, e.g.,
by Durst, etal. [5]:

G7-i Y- *£ (18)
R+ dY+

where R+ is the dimensionless pipe radius. The Reynolds stress profiles were obtained
using two techniques as mentioned above. They are shown in Fig. 10 for basic
ultrasonic frequency of 4MHz UVP transducer and in Fig. 11 for the one with basic
ultrasonic frequency of 8 MHz. The LDA data measured by Kikura[8] are also plotted in
these figures. The measurement volume by the LDA method is smaller than that of by
the UVP method. It was confirmed that Reynolds stress profiles in fully developed
turbulent pipe flow could be obtained using these techniques. But Reynolds stress
profiles from two measuring lines were lower than another technique. It was suggested
that Reynolds stress, namely, high momentum quantity was affected more by effect of
measurement volume. Reynolds stress profile from two measuring lines at basic
ultrasonic frequency of 4MHz was lower then at 8MHz, and it was known that Reynolds
stress measured by a hotwire anemometer which has a large measurement volume is
smaller than the original value as shown by Yoshino et al. [9], and Suzuki et al. [10].

CONCLUSION

The effect of the measurement volume on the mean velocity profiles and Reynolds
stress profiles using UVP method was investigated for fully developed turbulent pipe
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flow. The following sights concerning turbulent pipe flow characteristics that are
measured by UVP method, are clarified:

1. Using UVP method, the mean velocity profile can be measured quite accurately.

2.Closed to the wall, measured local velocity profile becomes higher than true value.
However, this deviation is compensated using corrections as mentioned in this paper.

3.The effect of a measurement volume on Reynolds stress measurements in fully
developed turbulent pipe flow appears more remarkably than on the mean velocity
profile ones. It is necessary in our future works to improve the method to revise
Reynolds stress measurements.
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Table 1. Experimental parameters

Test pipe radius R (mm)
Flow condition for

Reynolds number Re
Mean velocity Um (mm/s)
Friction velocity Ut (mm/s)

Basic ultrasonic frequency f o (MHz)
Ultrasonic beam diameter d (mm)

Cycle per pulse
(Number of ultrasonic wavelength)

Disk thickness of measurement volume
h(mtn)

25

5,300
106.34
7.29

4.0
5.0
4

8.0
2.5
8

8,000
160.86
10.40

15,000
299.81
17.93

20,000
399.34
23.06

8.0
2.5
8

0.74

^A. \ /UVP transducer

Wall
Piezoelectric element

Measurement volume

Fig. 1 Measurement volume on the UVP method
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Fig. 4 Simulation of the errors influenced by measurement volume
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Fig. 5 Error of flow rate calculationed from estimated mean velocity profile
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1 Centrifugal pump
2.Storage1ank
3.0verfiowtank

5.lnlet nozzle
6Needle valve
7.FI0W Orifices
8.Pressure sensor
aSubccoler and Heater

10.UVP mentor
UPereonal computer
12 Water container

^.Tripping ring J

Fig. 6 Schematic diagram of the experimental apparatus

Coupling water

UVP transducer

Fig. 7 Test section
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• Exp. data ford =18.1 (d=2.5mm ).
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Fig. 8 Comparison of mean velocity profiles between
present data and simulated data
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LDA by Durst et al. (1996)
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10
Y+ 100

Fig. 9 Mean velocity profiles for comparison present
data with LDA data
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Fig. 10 Reynolds stress measured by US transducer
with d+ = 36.3(d = 5.0 mm, f0 = 4 MHz)
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Fig. 11 Reynolds stress measured by US transducer
with d+= 18.1(d = 2.5 mm, f0 = 8 MHz)
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