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“*Time-Space characteristics of stratified shear layer from UVP measurements"

Lusseyran F., Izrar B., Audemar C., Skali-Lamy S.

Introduction

The flow pattern studied, .is a stratified shear layer, consisting of a fresh water flowing on a salted
water bed. The instabilities developing under the effect of the velocity gradient are mainly
convective and thus develop with time and space during their propagation downstream. A European
contract’ on the estuaries of rivers constitutes the framework of this study, which deals in particular
on the interaction between fresh water and sea water, zone in which occur, under the control of the
hydrodynamic conditions, the main part of the physicochemical and biological phenomena. The
measure of a velocity profile in space and time, as given by Ultrasonic Doppler Method (UVP
device from Met-Flow), is well adapted to analysed the stability of such a flow and allows a

commparison between the waves properties experimentally observed and the theoretical results given

by a linear stability analysis.

Experimental conditions

The experiment is performed in a water channel schematically represented in figure 1. Two layers
of equal depth (D=10 cm) and different densities are initially superposed and progressively sheared.
The tunnel 1s 20 cm wide, 30 cm deep and 300 cm long. In the upper layer, the fresh water flows
from the left side to the right side of the tunnel at a given flow rate comresponding to the mean
velocity U,. In the under layer, the salty water (initial concentration of NaCl : 10g/l) is coming from

the right side and its flow rate is driven by a fixed pressure condition.

gesh water inlet Free suface

— {I .
pyd
interface Salt
layer
7i{11!’_".t I 1

P e e S e S SR R R A S S SR S S A S

Figurel: Experimental loop

' Financial supported by the European program MAS3-CT96-0049



The ultrasonic probe is placed horizontally in the meddie of the shear layer. The zero of the spac

co-ordinate is located at 4 cm from the entrance. The specifications of the UVP used. are tabulate

below:
Basic ulirasonic frequency 4 MHz
Spatial resolution 2.22 mm
Number of points in space 28
Number of poinis in time 1024
Acquisition frequency [6.39 Hz
Results

The development of the instabilities is illustrated figure 2. Rodamine i1s added to the salty wate
which appears red in the laser sheet. The local gradient of concentration is still very steep. while th

waves are developed enough for the expression of non linearity. The initial conditions {U,,p}of tk

layer are characterised by a global Richardson number Ri, = ~‘~g———~;~

Figure 2 : Interface berween fresh and salry warer under unstable conditions.

The ultrasonic probe gives the longitudinal (horizontal) component wu(x,¢)of the velocity. On
example of the velocity field is given (Figure 3), for Ri, ==814. The instabilities of th
conceniration gradient layer are clearly visible on the longitudinal component of the velocity. :
large spectrum of wave length and celerity is observable, even some waves which propagat
upstrearn. In order to measure the dispersion relationship f{@.k)=0 the 2D Fourier transforr
ik, voof u( x,t)is applied (Figure 4). f{ @,k }=0 is given by the line of the maximum of energy i
the Fourier plan, which then appears as a very powerful tool for analysing the dynamics of th

instabilities. B
This experimental dispersion relationship is compared, with success, to the theoretical dispersio
relationship, obtained from a linear stability mode] derived from the temporal model proposed b

Lawrence et al. [1991] (Figure 6). The velocity and concentration profiles used are given figure 5.
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Characterizing the Taylor-Couette Reactor

G.P. King!, Y. Takeda?

! Fluid Dynamics Research Centre, School of Engineering, University of Warwick, Coven-

try CV4 7AL, UK.
? Paul Scherrer Institut, 5232 Villigen PSI, Switzerland.

1 Introduction

In this contribution we will describe recent progress on understanding the mixing char-
acteristics in pre-turbulent Taylor-Couette flows, and our progress in characterizing flows
in the eccentric Taylor-Couette geometry. We are interested in the eccentric geometry
because we expect mixing to be more homogeneous there.

Some vears ago Kataoka proposed time-independent Taylor vortex flow as an ideal
plug flow mixing system [1]. Since then other applications have been proposed as well
as studies to parameterize the mixing properties [2, 3, 4, 5, 6, 7). For the engineer it
comes something of a surprise to discover that the mixing in three-dimensional time-
independent Taylor vortex flow is not very good. In the next flow regime, wavy Taylor
vortex flow, the mixing is much better, but the ideal plug flow property is lost. That is,
there is significant axial transport. Even though the mixing is betrer. it is not always
homogeneous throughout a vortex. These results come from the recent studies of chaotic
advection by Ashwin and King 8] and Rudman [2]. A fundamental understanding of
the mixing properties of wavy vortex flow has recently been achieved [9] based on the
approach described in Ref. {10].

After describing the results in Ref. [9], we turn our attention to the eccentric Taylor-
Couette svstem. First the basic result in Ref. '11] will be described which shows that near
homogeneous mixing can be achieved in eccentric Taylor vortex fiow. Unlike the concentric
geometry, there are few results on the structure of flows in the eccentric geometry. As a
result our experimental programme has the aim of studving the evolution of flows with
increasing Reynolds number for different eccentricities. Our progress using the UVP will

be described.
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The UVP Measurement of Flow Structure
in the Near Field of a Square Jet

Yoshihiro INOUE®, Kunikazu KONDOT and Shintaro YAMASHITA "

f Dept. Mechanical and Systems Engineering, Gifu University, Gifu 501-1193, Japan
T Dept. Mechanical Engineering, Suzuka College of Technology, Suzuka 510-0294, Japan

ABSTRACT

Coherent structures in the near field of a three-dimensional jet have been investigated. The
experiments were carried out for a free jet issuing from a square nozzle into a water channel.
Instantaneous velocity profiles were measured in the streamwise and cross-stream directions
using an ultrasonic velocity profile monitor. From power spectra, two dominant frequencies
were found out with respect to the flow structures, and it is indicated from the wavelet transform
that a coherency of vortical structures was changed in time as well as in frequency domain.

1. Introduction

Flow characteristics of various kinds of a jet have been extensively examined by many workers
because of their wide applicability in the industry. Control of the turbulent mixing and diffusion
and reduction of the noise have also been investigated, and interactive control of the jet is
carried out in recent years.

The present study intends to examine the spatiotemporal flow structure in the near-field of a
square jet. It is produced by a mixing layer between the jet stream and a surrounding still fluid,
and there are sharp corners in the shear layer of the square jet. A very large curvature of the
shear layer induces an intensive deformation of a vortex ring, and therefore, its understanding is
not sufficient only by analogy from a circular jet {1] and an elliptic jet [2]. The square jets have
been investigated by Tsuchiya et al. [3], Quinn and Militzer [4], Toyoda et al. [S], Grinstein and
DeVore [6], Wilson and Demuren [7], and so on.

2. Experimental apparatus and procedure

The flow field and coordinate system are shown in Fig.

1. The x-axis is taken to coincide with the jet center line. S

The y-axis and z-axis are normal to each side of the — *
nozzle. and the y,-axis and z,-axis are along the =
diagonals, respectively. } /,'

The test channel is an open channel which is 0.7 m { ¥
wide, 0.64 m depth and 3 m length. The nozzle is square b /;1
with its side length of H = 100 mm. The jet velocity U; L
remains constant in 100 mm/s, and the Reynolds
number is Re; = U; H/ v =1 x 10*. From the results

Fig. 1 Flow field and coordinate system.
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Fig. 3 Contour map of mean velocity in the lateral direction. 2 x-yplane and b xy, plane.

obtained by hot-film measurements, the turbulence intensity in the jet core is about 1.1 % of the
efflux velocity, and the momentum thickness of the shear layeris = 1.02 mm atx = 0.2 H.

UVP measurements are performed in the x-y plane and x-y, plane with an ultrasonic
transducer of fundamental frequency of 4 MHz. Hydrogen bubbles are continuously generated
from a platinum wire in the measuring plane, and are used as scattering particles for the
ultrasound. The measuring time is about 57 ms for one velocity profile, and an interval time
between the adjacent profiles is 160 ms.

3. Results and discussion

3.1 Mean flow fields

Figures 2 and 3 show contour maps of mean velocity in the streamwise direction and in the
lateral direction in the x-y and x-y, planes, respectively. The mean velocity in the streamwise
direction (Fig. 2) shows that the flow goes outside in the x-y plane, i.e., the opposite side
direction, and the jet width rapidly extends. In the x-y; plane, the flow goes toward the center
axis just behind the nozzle, and the jet width is gently extended in the downstream. This feature
has also appeared well in the contour maps of mean velocity component in the cross-stream
directions (Fig. 3). In the diagonal direction shown in Fig. 3b, the regions of the positive and the
negative velocities are adjacent to each other at |y, / H | =0.4 in the interval of x /H < 1.5. It
seems that features of this flow are caused by axis-switching of the vortex ring formed in the

initial shear layer. -

3.2 Instantaneous velocity field

Spatiotemporal contour maps of the instantaneous velocity components in the lateral directions
are shown in Figs. 4a-d at x / H = 1 and 3. In the upstream section of x / H = 1, the velocity
fluctuation is relatively inactive near the jet axis, while it is developed in the mixing layer.
Significant patterns of the contour line are visible about |y| = 0.6 H and |y,| = 0.4 H, and they
correspond to the vortex structure in the mixing layer. In the normal direction to the nozzle side
(Fig. 4a), the velocity in the mixing layer is positive for y > 0 and negative fory < 0, and in the
diagonal direction (Fig. 4b), the regions of positive and negative velocities are arrayed with an
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Fig. 4 Spatioternporal velocity field in the iateral direction. & y-tplane at ¥H =1, b y,-ipiane at ¥’H =1,
c y-tplang at ¥H =3, d yi-tplane at xH =3

organized pattern in each layer. In the downstream section of x / H = 3 shown in Figs. 4c-d,
there is no remarkable difference between both directions, and the regions with various velocity

and length scales are scattered spatiotemporally.

3.3 Power spectrum

Figure 5 shows power spectra of fluctuation velocity u at y = O and z = 0.4 /. The spectrum 18
obtained by Fourier transforming a time-series data set of 512 points, and ensemble averaged
values are shown. In the upstream sections of x / H = 1 to 2, there exist two spectral peaks at
normalized frequencies of Sty = fFH/ U; = 0.80 and 1.12. Also, the frequency corresponding to
the jet column mode is Sz, = 0.41 from the result on the jet axis. Figure 6 shows the streamwise
distribution of power spectral density at these three frequencies. The values at St = 0.41 are
outstanding in x / # > 2, and are relatively weakened inx / H > 3.5. The distribution related to
Sty = 0.80 takes a peak at x / H = 1.3. The dimensionless frequency of 0.80 seems to be
consistent with a time scale based on the advection of the vortex ring structure. -

3.4 Coefficient of Wavelet transform

Figure 7 represents the wavelet transform of fluctuating velocity atx / H = 1.5 and 3. Only the

positive value of the real part of the transformed results is shown. The wavelet for the analysis
is Morlet wavelet [8], and k, 15 a constant of 6.
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Fig. 7 Spatictemporal map of wavelettransform with a scale of a UfH=2.4. a y-bplane at X¥H =1.5,
b y.-bplane at ¥H =15, ¢ y-bplane at ¥H =3, d y,-bpiane at X/H =3

Wavelet coefficients of the velocity component normat to the jet axis are shown in Figs. 7a-
d atx /H = 1.5 and 3. The dimensioniess scale of the wavelet is fixed ata U; / H = 2.4, which is
nearly equal to a time scale of the jet column instability. Figures 7a-b in the upstream section
show that the velocity perturbations with this scale occur in the mixing layers about ] = 0.6 H
and [y,| = 0.4 H, respectively. On the other hand, at x / H = 3 {Figs. 7c-d), the velocity
fluctuations by the jet column mode are developed across the jet. The aspect of the fiow field is
educed by the wavelet transform, which cannot been seen clearly in spatiotemporal contour
maps of the instantaneous velocity component (Figs. 4c-d). In addition. the spatiotemporal
instability of the column mode can be found.

4. Conciuding remarks

‘The spatiotemporal flow structure in the near-field of a square jet were investigated by UVP
monitor. Mean flow pattern were given for the contour maps of mean velocity in the streamwise
direction and in the lateral direction. Instantaneous flow pattern, power spectral density of
fluctuation veiocity and the wavelet transform of fluctuating velocity were analyzed from data
set measured by the UVP monitor. These quantities made clear the structural properties in the

near-field of a square jet.
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Low frequency instability of the Karman vortex street:
An experimental study of the secondary wake instability

N.G. Stocks, C.T. Shaw and G.P. King
Fiuid Dynamics Research Cenire, Department of Engineering,
University of Warwick, Coventry CV4 7AL

SUMMARY

The flow in the wake of a finite-length cylinder has been studied experimentally as it
undergoes its secondary instability. This instability occurs at Reynolds numbers around 180-
190. The energy content of four main frequency modes appearing in the wake was measured
before and after transition. For three of the modes, the energy content remains largely
unchanged by the transition process. However, after transition, a low frequency (turbulent)
mode appears which exhibits energy four orders of magnitude greater after transition than
before. By considering the downstream growth rate of this mode, evidence is presented
which suggests that transition to turbulence may occur as a result of wa.ke transition in the

central downstream plane of the cylinder.

INTRODUCTION

The flow of a fluid around a circular cylinder has long served as one of the archetypal
systems used for the study of wake formation in bluff body flow. The evolution of the wake
up to Re~ 180 is now relatively well understood (Huerre and Monkewitz, 1990, Williamson,
1996a) but the secondary instability of the Karman vortex street, which for an infinitely long
cylinder is known to occur at Re=188.5 (Henderson and Barkley, 1996) is still the subject
of much discussion (Zhang et al, 1995, Williamson, 1996b, 1992). This secondary instability
is of some importance because it is at this stage that turbulence, in the form of stochastic
fluctuations of the velocity field, is first observed globally in the wake.

The presence of boundary conditions introduces complications that are now known to
be of considerable importance. They influence the flow structure across the whole span of
the cylinder, even in the case of large aspect ratios. In the work presented here experiments
are carried-out on the wake of a finite-length cylinder placed in a boundary layer with the
other end terminating in open flow (free end). Such a situation is more typical of engineering
applications. Although, at first sight, these boundary conditions seem quite different with
respect to other work carried out on cylinder flows, in practice it was found (Stocks et al,
1996) that they gave rise to a rather simple and stable wake structure that is similar in form
to wake structures observed in other studies. This system is therefore ideal for the study of
transition when oblique {rather than parallel} vortex shedding predominates.

Recent work by Williamson (1992, 1996b} suggests that natural transition to turbulence
in cylinder wakes is a consequence of an amplification of vortex dislocations that are gen-
erated in the near wake of the cylinder. Experimentally it is known that at the secondary
instability of the wake a new spatial mode is observed. This is often referred to as mode-A
and is characterised by the appearance of streamwise vortices with a wavelength of approx-
imately four cylinder diameters in the spanwise direction. It is at this secondary instability
that additional randomly occurring dislocations seem to appear along the span of the cylin-
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der and, hence, turbulence is first observed. These dislocations grow as they propagate
downstream. The results presented here seem to be consistent with this picture. It appears
that the wake itself undergoes transition, resulting in the amplification of low frequency
disturbances in the near wake.

THE WAKE STRUCTURE

Prior to transition, the wake has a rather simple structure that is now well understood.
Directly behind the cylinder the flow is split into three separate spanwise frequency cells,
a dominant central cell that corresponds fo the main vortex shedding mode and two end
cells which have lower shedding frequencies. Physically, this cellular structure arises through
vortex dislocations at the cellular interfaces and is a direct consequence of the finite-end
boundary conditions (Konig et al, 1992). These cellular modes can be thought of as the
primary modes generated in the near wake. All other frequencies observed in the spectra
{prior to transition to turbulence) are linear combinations of the frequencies of these modes
The Strouhal frequency of the central cell was measured to be 163Hz, which corresponds
to a Strouhal number (S = fd/U) of S = 0.180, this is to be compared with the predicted
value for parallel shedding (Williamson, 1988) of 0.186. The discrepancy is due to the oblique
nature of the shedding (this has been confirmed using measurements with two probes) which,
using the formula (Williamson, 1988) S. = S, cos(8), is calculated to have an angle § =
14°. At the interface between the cellular modes, a mode at their difference frequency (about
31Hz), is generated through nonlinear mixing. As this frequency is significantly smaller
than the main vortex shedding frequency, it is found to be easily propagated downstream
whilst the higher frequencies are rapidly filtered out (Williamson, 1992, Stocks et al, 1996).
Consequently, it is this mode, generated by the vortex dislocations, that organises the far-
wake region

After transition, a new low frequency mode appears which gives rise to a zero frequency
peak in the power spectral densities. The magnitude of this peak is not small and surpasses
the magnitudes of the main vortex shedding modes. Such a peak has recently been observed
in another cylinder flow experiment (Williamson, 1996b), where large scale, low frequency
fluctuations are observed to grow downstream of the cylinder. Evidence was presented that
indicated that these low frequency fluctuations were a result of vortex dislocations which
spontaneously appeared after the wake had undergone its secondary transition to spatial
mode-A. However, the energy content of this peak was not studied in detail.

ENERGY CONTENT OF THE MODES
The evolution of the modes with downstream position, Figures 1, illustrate the variation
of the average span-wise energy, (EF), of each mode as a function of downstream position
for y/d = 0.0. The energy of the centre cell mode, the end-cell modes, and the difference
mode, Figs. 1{(d,c,b) respectively, are seen to behave similarly both before (circles) and
after transition (crosses). Hence these modes appear to be largely unaffected as the wake
undergoes transition. This conirasts with the behaviour of the energy in the low frequency
{turbulent) mode, shown in Fig. 1(a). After transition the energy in this mode increases by
nearly four orders of magnitude. It is this increase in turbulent energy in the centre-plane
that accounts for the greater part of the total energy in the wake.
The rapid growth (appearance) of the low frequency mode after transition results in
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the whole far-wake region becoming turbulent. Effectively, after transition, the turbulent
fluctuations, already present in the near-wake region, become present in the rest of the wake.
However, if the increase 1n turbulence were solely due to an increase in the fluctuational
energy in the near wake, then one would not expect different growth rates before and after
transition. This tends to suggest that the wake itself has undergone transition.

If one tries to interpret these results within the framework of Williamson’s vortex disfo-
cations picture, then one would speculate that it is the secondary instability of the vortex
street, giving rise to transition to mode-A, that modifies the properties of the wake. This
transition results in the central plane region becoming unstable to low frequency fluctuations.
Hence, these fluctuations, which already exist in the near wake region prior to transition, are
selectively amplified and give rise to large scale vortex dislocations. Whilst this 1s obviously
a simplified view of what is a complicated spatiotemporal effect, we believe it may encompass
the main features of the transition process

CONCLUSIONS

In conclusion we would propose that these results, taken with the mechanism proposed
by Williamson {1992,1996b), suggest that the occurrence of turbulence is due to the selective
amplification of low frequency fluctuations in the near wake. Our results also indicate that
this amplification mechanism arises due to a transition of the wake itself. However, it
appears that the wake properties are only strongly affected by this transition in the central
downstream plane of the cylinder. We postulate that it is the transition to mode-A that
actually causes the modification of the wake properties and hence to the appearance of the
amplification mechanism. This would suggest that naturally occurring turbulence can only

be observed after the formation of this mode.
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difference frequency mode, (c) the end-cell mode and (d) the centre-cell mode. Circles
represent the energy in a mode at Re=158. Crosses represent the energy in a mode at
Re=189.
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1. Introduction

Purely oscillating flow 1s the most simmple unsteady flow, and it is the basic flow of
blood flow in the arteries, oll pressure engineering and reciprocating compressor. So many
researchers investigated this problem theoretically and experimentally.

Hino et al.[l] investigated the critical Reynolds number of laminar to turbulence in
oscillating pipe flow, and they pointed out that there are 4 types of the flow. Merkri &
Thoman|[2] determined the similar result in the resonance tube. The investigations of the
entrance region in unsteady flow has recieved some attention. Avula[3, 4] investigated the
entrance region in flow started from rest. About the entrance region in the oscillating pipe
flow, theoretical work was performed by Atabek et al.[5] and experimentally by Gerrard
& Hughes[6]. They showed that laminar flow in front of an oscillating piston is fully
developed at a distance I = 0.36f;, where s is Reynolds number defined by Stokes
layer thickness § as a characteristic length.

In the present experiment, the velocity profiles in the entrance region of the oscillating
pipe flow was investigated by the mean of ultrasonic velocity profile method (UVP)[7],
and compared the measured data with Gerrard & Huge's results.

2. Experiment

Fig. 1 shows the schematic diagram of the experimental apparatus of an oscillating
pipe flow. Test fluids are the solutions of glycerol, whose concentrations are 18vol% and
68vol%. The present work is performed in circular tube made of plexiglass having inner
diameter 46mm, outer diameter 48mm and length 3000mm. The fluid motion is induced
by an oscillating piston at the one end of the pipe. The oscillating piston is driven
by & crank-gear system conpected to a constant-speed electric motor. In the present
experiment, oscillatory frequency is changeable. The frequency of the electrical motor is
measured by the rotational meter. The motion of the oscillation piston is measured with
the laser rangefinder. The pipe is connected to a water tank at the other end to reduce
disturbance of water head. The pipe is placed inside a rectangular tank filled with water.
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The water is used to reduce the reflection of the ultrasonic beam from the pipe wall and as
a acoustic coupler between pipe and transducer, and its temperature is controlled to keep
the temperature of the test fluid. The test fluid is set to be at a constant temperature of
25°C.

The velocity profile is measured by a UVP monitor model X-3 PS (Met-Flow SA). We
measured the two kinds of velocity profiles, which are the axial velocity components to
radial position and the axial relative velocity along the center axis of the pipe. In the mea-
surement of the axial velocity to radial position, the transducer is positioned along the axis
at various positions, and fixed onto the pipe with an angle of 15° between the transducer
axis and the vertical line to the pipe axis. In the axial relative velocity measurement,
the transducer is setted on the oscillating piston and moved with the oscillating piston.
As the reflectors of ultrasonic, MB~100 made of plymetacril with the 68vol% glycerol
solution and SB-100 made of polysthylene with the 18vol% glycerol solution are mixed.
The averaged diameter of MB-100 is 100gm and SB-100 is 80um respectively.

3. Result

Fig. 3 shows the developed velocity profiles to the non-dimensional position r/R,
where r is the distance from the center axis and R the radius of the test pipe. The axis
of the ordinate is the non-dimensional velocity by the averaged velocity amplitude Uj.

Fig. 4(a)~{c) shows the developing process of velocity with respect to the normalized
distance z/D, where x is the distance from the piston at the upper dead point (¢ = )
and ) the diameter of the pipe. It seems that the velocity developed in the region farther
than z/D = 5. However, the difference of velocity profiles in the relatively large distance
(z/D > 5) is not clear from the figure. Hence Fourier analysis of the time dependent
velocity on the center line of the pipe was attempted, and the results are plotted the
component of the oscillation frequency of the piston and its harmonic (2nd and 3rd)
components with respect to z/D in Fig. 4(e)~(f). It can be seen from the figure that the
velocity in the region z/D > 10 is developed.
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6. Tank 13. Rotating disk
7. Reserver Tank 14. Pump
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Fig.l Experimental apparatus

u

Fig.2 Schematic survey of the oscillating system
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1. INFRODUCTION

Many experiments have been performed to study around a separated shear layer and a reattachment region
of a two-dimensional backward-facing step flow, A two-dimensionally flow field to streamwise direction is
usually assumed to analyze flow structure, on the other hand, it is well known that this flow field exhibits a
three-dimensional vortex structure and low-frequency fluctuation around a reattachment region such as many
previous investigation were reported. Kasagi et al!'! showed a three-dimensional vortex-like structure in the
scale of the step height around reattachment region by the smoke-wire visualization method. Neto et at."™ and Le
et al" visualized the three-dimensional vortex that has strong longitudinal vorticity in streamwise direction by
numerical experiments. Hijikata et al" visualized a instantancous pressure field of the step wall by the
holographic method and showed that there are some large-scale eddy around the reattachment region. However,
the results of visualized vortex structure were only shown in these investigations and it was not clarified enough
the three-dimensicnal structure in guantitative. Especially, it is suggested that the flow structure such as a low-
frequency fluctuation around a separated shear layer and a reanachment region is governed by the deformation
of the separated shear vortex, however there is less report about this mechanism.

It is difficult to clarify that three-dimensional structure around a reattachment region because there is not a
measuring method that can be measured three-dimensional velocity component over a flow field. However, such
as Kasagi et al”! indicated that the velocity fluctuation of w-component becomes greatest of the three-
component near the step wall around the reattachment region using PTV method, it is necessary that we
comnponent velocity is measured over a reattachment
region to clarify the three-dimensional structure. In
this investigation, we measure Instantaneous velocity
profile of spanwise direction by UVP and discussed
spanwise structure and large-scale fluctuation around a
reattachment region of a two-dimensional backward-
facing step flow.
2.EXPERIMENTAL APPARATUS

The flow field and coordinate system are
shown in Fig.l. The closed-loop water channel has
working section of 240x60mm in cross sectional area Figure 1. Experimental apparatus and

coordinate system

! Presens address ; Paul Scherrer Ensttut, CH3232 Villigen PS1. Switzerland
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and 2300mm length. The backward-fucing step (with a step height of 20mm) was formed below the floor plate at
a point 250mm downstream from the construction nozzie exit. The expansion rate 1s ER=1.5 and the aspect ratio
is AR=12. The mean velocity of main fiow 15 fixed at Je=0.25mv/s in al! experiment (Re,=3300). The wrbulence
intensity of the main flow is Tu=0.6%. The mean velocity distribution of u~-component upstream of the step isin
agreement with the Blasius theory, The boundary thickness upstream of the step is about 4.6mm. Time-averaged
velocity distribution of u.component behind a step at =0 is in good agreement with other previcus studies
{Kazagi et all™;. The time averaged reattachment length. determined by the fracuon of forward flow at wh=0,05
i 0, =0.0 In this experiment apparatus. The mean velocity distribution of u-component and reattnchment length is
almaost sume over a channel in spanwise direction. These results were obtained by using LDV system™.

The wansducer of UVP was set the outside wall of the test section to measure spunwise w-component
velocity profile. The distance of each measuring point is L.d8mm. The measuring interval is 43msec.
JRESURLTS AND DISCUSSION 13

The contour map of mean w-compoenent

velocity at @ ume-averaged reattachment point is
shown in Fig.2. The solid and dotted line means

posttive and negatve flow direction. respectivelw

b

Coeoo 0o oo

The positive velocity means that the flow direction 15
right and negative means left in this figure. It can be
abserved that the How structure around reattachment
region 1s different with one of wh>0.4. Especialiv.

he G2 oFa T O g OF gD e
H

i

vicinity of the step wall. there is a typical flow N - 2.7_,0 : ¢
pattern that a flow of positive and one of negative Figure 2. Mean velociny distribution of spanwise
direction exist alternately in this experiment. On the component in verfical plate at w/h=6

cther hand. it can not be observed typical structure at

w04, A spanwise structure like this figure has not been clarified so that we can not compare this result with
other one directly as mentioned above. However reflecting a reattachment phenomena, 1t is suggesied that there
is a swongty three-dimensional structure exists around reattachment region.

Typical gradation map of instantaneous velocity which measuring region is a: wh=06, wh=0.1 is shown in
Fig.3. The white color means negative (flow upward in this figure) and black means positive (downward). The
horizontal axis means dimensioniess time. As shown in this figure, 2 behavior of instantaneous w.component
velocity 18 very complex such as it can be observed that a flow direction frequently changes in same region and
that some longitudinal structure exist around tUc/h=75. It is also seemed that a lump of different flow direction
forms tike staggered rows. Hijikata et al.™ showed these structure around the reattachment region in the pressure
field and they indicated the these lumps are generated by the roll up of the spanwise voticies. Te show this
structure in quantitative, a map of two-point correlation is shown in Fig. 4. The vertical axis means a lag time
and the fixed point is #/h=1.0. It can be observed a staggered-like structure and especially, a property of these
structure i3 more clear at upward side of the fixed point (¢/h>1.0) than downward. In this region. a correlation

(83

tUc/h

Figure 3. Time senes representation of the spanwise component of instantaneous
velocity at wh=6, ywi=0.1



coefficient 1s negative around ¥h=2 or lag-time 15 zero.
e 1s suggested that the each flow direction of these
region is opposite one reflecting a reattachment
phenomena. No periodical structure exists at the fixed
point because a How field is unsteady, however it can
be observed some islands at about rU/cdr=4-5 which
corresponds to the frequency of vertex generation at
separated shear layer. Thus, it is suggested that the flow
direction of spanwise around a reattachment region
change alternately like a staggered structure.

The streamwise variation of an integral length
scale is shown in Fig.5. Upstream of a reattachment
region. the showing point is on the dividing stream line
and downstream s the vicinity of the step wall. The
integral scale increases forward to a reattachment
region at a separated shear layer and it slightly increa-
ses downstream of reattachment region. Especially it is
noted that integral scale does not chaﬁgc drastically
near the step wall at reattachment region. To pay an
attention to the spanwise structure of a reattachment
region. spanwise variation of integral scale at x/h=6 is
shown in the Fig.6. The distribution of correlation
coefficient around a fixed point is different between
positive and negative side in spanwise direction so that
each side integral scale is shown separately. The solid
line means positive side and the dotted line negative
side integral scale. An integral scale is not uniform in
spanwise location and one of each duwection shows a
peak alternately. As suggested in the Fig 4, there is some
lumps around a reattachment region.

There is a possibility that the operation of the long
time correlation eliminates the property of the
instantaneous structure. In Fig.7, the temporal variation
of the correlation coefficient is shown to consider the
instantaneous structure around reattachment region. The
time period for the reference is L.8sec (firlic=0.045)
that means the frequency of the large-scale structure of
the separated shear layer such as fapping'”. The
reference point is at zh=-1.2 and calculating point is
7h=-1.8 {the solid line) and z/#=0.3 and -0.5 (the dotted
line). These points are the peaks in Fig.6. The horizontal
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Figure 4. Contour map of two-point corre-
lation at vh=6. v/h=0.1
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Figure 5. Streamwise variation of integral scale
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Figure 6. Spanwise variation of integral scale at
=6, y/h=0.1

axis mieans the lag-time and vertical axis means the correlation coefficient. Jt can be observed the large-scale
fluctuarion periodically that frequency is about fivlUc=0.01 in dimensionless time and more smalil fluctuation that
considered a flapping is fAvUc=0.1. A frequency of large-scale fluctuation is larger than that of flapping. This
fluctuation of correlation coefficient means that the instantaneous flow direction change alternately same or
opposite between reference point and calculating one. As shown in figure. the solid line and the dotted are 180
out-of-phase so that this fluctuation exists over a reattachment region. To more clear this mechanism, we
calculated the power spectrum of the velocity fluctuation. Reflecting many scale fluctuations, it can be observed
many peaks of the power spectrum over the flow field, however we paid attention to the low frequency around
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the 0.18Hz. In Fig.6. the spanwise distribution of the 05
power spectrum is shown arcund G.18Hz (fi/Uc=
0.01) at wh=6,7. At &h=6, several typical peaks can
be observed such as indicate by arrows. The position
of these peaks is good agreement with the one of the é 0 lgi,L"’ A
cross point of integral scale in Fig.6. On the other
hand. more downstream at x/h=7, typical peak can not
be observed. Therefore, it is considered a typical 1 4 !
spanwise tloctuation over the flow field at a time- i
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averaged reattachment region. 0 1(')0 260 . 3€}O . 4<l}0 500
Around a reattachment region, it is well known tUe/h

that low frequency fluctuation becomes larger than at Figure 7, Temporal variation of the two-point
the separared shear layer. Kondo et al.™ showed the correlation coefficient between o/=-1.2 and Z/h=-
fluctuation of pressure field arcund reattachment 1.8 (solid line), 2/1=0.3 and /h=-0.5 (dotted line)

region and they indicated that there was a large scale
fluctuation which frequency ts about fA/Uc=001.
Eaton and Johnston™ also indicated thar 30% energy
of the w-component velocity exists fivle<(h [, It has
not been clarified that a large scale fluctuation of
spanwise velocity component in  quantitative in
previous study, however in our experiment, low
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frequency fluctuation around a reattachment region 109
becomes larger than that at the separated shear layer
same as one of u-component velocity. Especially the
component of fi/l/c=0.015 shows a typical behavior.
These phenomena can be observed clearly only the
vicinity of the step wall around a time-averaged
reattachment point. It is suggested that this large scale
fluctuation is concerned to the one of instantanecous
reattachment point over a channel and it might
contribute largely to w-component fluctuation.

4.CONCLUSION

A spanwise structure of a two-dimensional backward-facing step flow around a reattachment region is
clarified by using UVP. As a result, around reattachment region, it is found that the spanwise structure is not
uniform to spanwise direction and there is some lump that is staggered-like structure vicinity of the step wall. A
fluctuation of the w-component velocity around reattachment region is larger in a low-frequency than that of the
separated shear layer. Especially the component of ffivl/e=0.015 in dimensionless time shows a typical behavior |
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Figure 8. Spanwise variation of power spectrum of
the fUc=0.015.

which fluctuate to spanwise direction over a channel,
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Introduction
Side wall convection in liquid metals is an important problem in the semiconductor crystal growing

process known as the Bridgman technique. In this a crucible of molten material is slowly drawn
from a furnace and solidification takes place as the container is exposed and cools.

This technique is used in the growth of high-quality materials for optoelectronic applications, for
example. The industrial process may tnvolve dendrite growth and the distribution of dopants and is
thus a complicated problem. However, insights can be gained from studying the basic fluid
dynamics that result from the differential heating of the sarple since other processes are strongly
influenced by the induced motion. For small temperature differences, the convection is steady and
primarily consists of a large, single circulation. However, the bulk flow in a confined cavity evolves
considerably for larger values of the driving force, as the interaction between the different regions
of flow becomes significant. Thus, the mechanisms underlying the transitions to time-dependent
and eventually turbulent flow are often complex. In crystal growth processes the temperature
gradient between the melt and the solid gives rise to buoyancy driven convection. In most practical
situations the motion so induced is found to be highly disordered or even turbulent. It is known that
these flows can produce irregular distributions of dopant called striations in the host material and
this Enhbmogeneity is undesirable if one wants to grow good quality semiconductor crystals. Hence

there is considerable interest in methods of suppressing or controlling fluid convection.

One method of controlling the convection is to apply an external magnetic field. This induces an
electromotive field which can be non--uniform in regions in the melt. Hence electrical currents can
flow, and these interact with the applied magnetc field o damp the convective motion. These
etfects can be calculated explicitly for simple geometries but laboratory and practical flows are

extremely complicated and require numerical computations. It is the aum of the present study 1o
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investigate the fundamental magnetohydrodynamic interactions in a simplified crystal growth
geomelry using a combined experimental and numerical approach. By doing this we hope to gain
insight into the basic fluld mechanical processes and thereby provide a platform on whick to build

an understanding of more practical flows.

An investigation of the effects of a magnetic field

We will first discuss the results of an experimental and numerical study of the effects ot a steady
magnetic field on side wall convection in molten gallium. The magnetic field is applied in a
direction which is orthogonal to the main flow. The convection is reduced by the magnetic field and
good agreement is found for the scaling of this effect with the relevant parameters. Moreover.
qualitatively similar changes in the structure of the bulk of the tlow are observed in the experiment
and the numerical simulations. In particular. the flow is restricted to two dimensions by the
magnetic field, but it remains difierent to that found in two-dimensional free convection
calculations. We also show that oscillations found at even greater temperature gradients can be

suppressed by the magnetic field.

An investigation of structure of the flow field

Next we will report the resuits of an experimental and numerical investigation of the steady flow
of molten gathum in a differentially heated rectangular enclosure. Excellent agreement is found
between the experimental results and those from a full three-dimensional numerical simulation
based on a Boussinesq model. Qualitative differences are uncovered between these new findings
and published results obtained from analytical and two-dimensional models. Detailed features of
the flow are examined and the significance of cross-flows in the centre of the cavity is revealed.
Specifically, we show that the transition 1o time-dependent flow will be different in two and three-
dimensional models.
Secondary flows are found to be important and these show a strong dependence on the Prandtl
number emphasising the role of this parameter in the problem. Some discrepancies are found
between the results from the numerical centro-symmetric model and the experiment which arise

¥

from unavoidable external influences.

Juel. A, Mullin, T. Ben Hadid, H. & Henrv. D. 1999 Magnetohydrodyramic convection in molten

gallivm. I. Fluid Mech., 378, 119-144.
Juel. A Mullin. T. Ben Hadid. H. & Henrv. D. 1999 Three-dimensional free convection in molten

gallium. J. Fluid Mech.(Submitied)
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Introduction

To detect changes in the quality of food materials, related to the microstructure of the
food system already in the production process, the rheological flow behaviour of the in general
non-Newtonian, highly concentrated and non-transparent fluid is a powerful “tool” if it can be
measured mn-line. Commercial process rheometers are usually not suttable for this purpose
because of their size, cost and destructive methods they are based on.

In our approach we mainly consider pressure driven laminar shear flows of highly
concentrated non-transparent food suspensions which are transported in the most of the
production processes of interest in cylindrical tubes. An emphasis made on development of
measurement cell accommodating an Ulirasound Velocity Profiler (UVP X3, Met-Flow SA)
Doppler system and two micro pressure transducers for in-line viscosity sensing.

As one of application solutions the authors introduce direct inline measurements
conducted in transporting pipe of chocolate crystallisation process. In particular case the process
influences the crystal fraction in the chocolate suspension, and thus strongly affects the flow
properties (rheclogy) as well as a variety of quality characteristics like stability, texture,
spreadability and taste of the final product.

The crystallisation process is sensitive to slight modifications of the structure of the
chocolate suspension mainstream. Injection of defined type and amount of crystals into the Liquid

- phase of the chocolate suspension influence the final quality of the product. Since the product is
non-transparent and very sensitive to slight temperature, flow velocity and applied deformation
changes, no other alternative could be found for precise on-line structure state monitoring.

Experiments

The developed in-line measured cell was adapted and installed in an industrial chocolate
crystallisation process. The cell consists of a straight pipe section with 32-mm diameter (DIN
32). A 4 MHz UVP X3 was used for in-line flow visualisation in the sectional tube channel
which is a part of the process transporting pipe (see Figure 1).

Simultaneously, the wall shear stress was measured using so-called pressure difference
method with two flush-mounted pressure transducers. Besides, temperature sensors
mncorporated in the pressure transducers are used for temperature measurement in the flow

channel.
A new data acquisition system with software was created for precise rheological on-line

calculations and monitoring (see Figure 2).

The shape of the measured velocity profiles was approximated using the power law
model and was correlated with the crystals concentration in the chocolate suspension. The shear
rate distribution was computed from the UVP velocity profile values. The fit velocity profile was



used for volumetric flow rate calculation. A pressure difference was calculated from the mean
values of smoothed raw pressure signals. Further calculations of the wall shear stress and shear
stress distribution along the diameter distance was performed. During the last step the shear
viscosity function is composed from shear rate and shear stress distributions.

The process consists of two production procedures. During the first one. a fixed amount
of 0.14 % Cmin {mass concentration) cryvstals Is tnjected into the liquid phase of the chocolate
suspension. During the second one, an amount of 0.03 % Cmi was injected. The influence of only
0.1 % Cm additional crystals could be recorded as a change in power law exponent n (see
Figure 5) and shear viscosity function (see Figure 6).

Swarnting Depth UVP Seasor

T

Tube Channel

Channel Distance |

Measuring Sample Suspension Particles

Main Flow

Pressure Sensor 2 Pressure Sensor |

Figure 1. Schematic of the shear stress adapter with pressure sensors installed in the sectional
transporting pipe with the distance L = 990 [mm] apart. It also shows a basic parameters used
in flow visualisation set-up of the UVP sensor
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Figure 2: General data flowchart of In-line Rheometer: measurement, real time monitoring
and storage of ravw and calculared dara. '
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A general data flowchart is shown in Figure 2. The on-line monitor (see Figure 2 is active
throughout the measuring sequence. The information on the monitor is renewed consequently
with the new mcoming da:a file from the UVP monitor.

Results and Discussion

The measured time averaged flow velooity Viyr) profiles along the diameter distance
Dd are shown in Figure 3. The result of the on-line power law fit procedure is introduced (see
Figure 4) in a form of calculated velocity prefile. Using a Herschel-Bulkley approximation 2
yield stress could be derived from the averaged raw velocity profile and compared with the

measurement of coaventional rotational rheometer.
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Figure 3: A 3D time series chart of raw velociry profiles of concentrated chocolate suspension
(solids concentration greater than 60 % Cm}; the average time between two velocity profile

recordings varies between 30 and 34 sec.
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Figure 41 A 1D raw velocity "Vxir) profile of chocolate suspension: power law and
Herschel-Bulkley fit are shown as a solid and dashed lines and measured values as symbols.
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According to shown in Figure 4 Herschel-Bulkley fit gives an output parameters as
radius of the plug £* = 1.5 {mm] and power law exponent n = 0.4. The wall shear stress and the
yield stress value could be approximated from the pressure head loss AP = 0.057 [bar] measured
along the length distance L = 990 [mm]. The yield stress measured in-line exceeds value of 1, =
4.32 [Pa] in comparison with the off-line rotational rheometer measurement of yield stress

approaching 7,=4.52 [Pa].
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Figure 5: Comparison between maximum flow velocity ‘Vmax' and power-law exponent 'n’ as
a function of time ‘t’.

With increasing of the flow velocity Vx{r) the structure of chocolate suspension is
exposed to faster deformation rate, which is followed by slightly delayed dispersing of the
structural network. The opposite reaction of the structure is found during decrease of the flow
velocity. This can be observed on-line from the “in phase” fluctuations of the power law
exponent n with the maximum flow velocity fluctuations.
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Figure 6: Shear viscosity function 11" computed and monitored on-line every 30 sec.
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An increase in eftective concentration of solids on 0.1 % Cm distinguishably changes the
slope and offset of the shear viscosity function (see Figure 6).

The measured rheological quantities, namely the shear viscosity function (see Figure 6)
and power law exponent n (see Figure 5). described the structural state of the chocolate
suspension in the industrial crystallisation process and enable a continuous process monitoring.
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1 Introduction

The magnetic fluid is a stable colloidal
N

dispersion of rather small surfactant-

coated magnetic particles in a liquid car-
rier. It is developed in order to control
a position of liquid fuel under a gravity-
free state. Iis characteristics such as
strong magnetism and liquidity are paid
attention, and fundamental studies have
been carried out.

“Sloshing” is a phenomenon that the
liquid with a free surface is agitated
severely in liquid storage tanks. Zelazo
and Melcher[1] studied dynamic behav-
ior of a magnetic Huid in an oscillated
container. Dodge and Garza[2] demon-
strated a simulation of liquid sloshing in

low-gravity by using a magnetic fluid.

1.Test tank -)
2 Vibrator

7.Laser Sensor

3.Motor
4.Magnet
5.UVP Moritor
6.UVP Transducer

Fig. 1: Experimental Apparatus

Omori. et al.[3] analyzed swirling phenomenon as a turning phenomenon of steady-state

vibration solution which results from nonlinear coupled vibration.
The sloshing problem is not easy from a mathematical point of view. Obvious nonlinear-

ities are occurring especially in the vicinity of the resonant frequency. In an axisymmetric

container the inner liquid oscillates with rotational movement around the center axis of
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the container in spite of the lateral excitation. It has been called “swirling phenomenon”.
The direction of the rotation is not fixed. The direction is changed irregularly. Moreover,
the stop of the rotation is sometimes observed. In order to understand and to explain this
complex problem, detailed measurement of internal velocity profiles is necessary. How-
ever, magnetic fluid is opaque. Thus, optical methods like laser Doppler anemometry or
the flow visualization technique like particle image velocimetry can not be applied. We
performed an ultrasonic velocity profile(UVP) measurement. It is a method for measuring
a velocity profile on a line with respect to the velocity component along this line, which
can be applied to opaque fluid. Kikura, et al.[4] measured velocity profile of the Taylor
vortex flow of a magnetic fluid using by UVP. Sawada, et al.[5] examined flow behavior
of a2 magnetic fluid sloshing in a rectangular container. In the present experiment, we
also used UVP method. We attempt to measure the velocity profile of the magnetic fluid

sloshing in order to clarify “swirling phenomenon”.

2 Experiments

Figure 1 shows the schematic diagram of the experimental apparatus. The cylindri-
cal container is made of transparent acrylic resin, and its inner diameter and height
are 94 mm and 300 mm, respectively, The adjustable crank is mounted on the out-
put shaft of the motor. Rotation of the motor is changed to horizontal motion by
crank mechanism. The rotational frequency of the motor is continucusly controlled
by an inverter, and the shaking table is oscillated sinusoidally. The amplitude of
the oscillation 1s Xy=1.5 mm for all experiments. We used a water-based magnetic
fluid \W-40 with 27 wt%. The fluid depth is A=47 mm in the present experiment.
Magnetic field i1s applied by a cylindrical
permanent magnet whose diameter is 110
mm. We used several permanent magnets

O e magnetic fuld Boomt] . - . :
14y s in order to change the magnetic field inten-
12} hsa7mm . sity. Since magnetic particles in the mag-
104 -, .r" netic fluid are too small to reflect ultrasonic
c ) .
~ o8} s , waves, we add porous 510, powders with
o8 a mean diameter of 0.9 um (MSF-10M,
04 & A -B c ; D Liquidgas Co., Ltd.). An ultrasonic(US)
o2t / ?\_“. transducer 15 fixed on the side wall of the
O e 15 s 11 s Container. Its position is changed in order

to measure the horizontal velocity profiles
along the same (V) and orthogonal (V,)
Fig. 2: Frequency responses of the free sur- lines with the direction of the forced os-
face of a magnetic fluid for B=0 mT cillation. A nominal diameter of the US
transducer is 5 mm, and the measuring vol-

ume has a thin-disc shape, ¢5 mmx0.71

w/ o,
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mm. The UVP monitor is an Model X-2 manufactured by Met-Flow SA. The basic fre-
quency 1s 4 MHz. Experiments are carried out changing motor frequencies. magnetic field

intensities, and heights of fixed US transducer.

3 Results and Discussions

Figure 2 shows the frequency response
of the free surface of a magnetic fluid when
the forcing frequency varies. The surface
magnetic field induction at the center of
the permanent magnet is indicated by B,
n Is the maximum free surface elevation
at the inner wall and wy is the first reso-
nant. angular frequency for B=(0. In the
region of A, the free surface vibrates with
the direction of the forced osciliation. As
the forcing frequency increases, the sur-
face elevation also increases until the free
surface is intensively shaken near the reso-
nant frequency (border between A and B).
At the resonant frequency, the free surface
forms the collapse wave, and after the res-
onant frequency {in the region of B), ro-
tation around the center axis of the con-
tainer occurs. The direction of the ro-
tation is not fixed, and the direction is
changed irregularly. Because of the above
phenomena, it has been called “unstable
swirling phenomenon " (see Fig.3). As the
forcing frequency increases in the region of
B. the surface elevation decreases with un-
stable swirling phenomenon. On the bor-
der between B and C, unstable swirling
phenomenon changes to stable rotation
whose direction is fixed. It has been called
“stable swirling phenomenon”. In the re-
gion of C, the stable swiriing phenomenon
is kept and its direction depends on the
direction of unstable swirling phenomenon
on the border between B and (. As the

tor

'
<

mg frequency increases, the surface el

Unstable swirling
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¢ 80mT

& 4omT
< BOmY

B 20mT
a A0mT

7 20mT

e

%: 50
E .-\:-u
= .50
-100
-150 — )
Stable swiring 2,
=200 :
o 20 40 80 80
X mm
Fig. 4: Maximum velocity profiles for the

second resonant angular frequency at Ag=10

N



40

evation also increases. The surface elevation is maximum on the border between C and
D, and the surface elevation rapidly decreases after the border between C and D. In the
region of D, the free surface vibrates as well as region A.

UVP measurements were mainly carried out near the second resonant angular frequen-
cies(border between C and D). Figure 4 shows maximum velocity profiles for several
applied magnetic fields. There are 128 measurement points along the measurement axis.
Here z is the distance from the inner wall where the US transducer is fixed, and Aq is the
position of the US transducer from the bottom wall. When the magnetic field increases,
the velocity also increases because of the magnetic force. We can not have data near the
opposite inner wall away from the US transducer. We suppose that it comes from the
clustering and chaining of the magnetic particles of a magnetic fluid formed under an
applied magnetic field. As a result, we suppose that the US echo signal diminishes.

. From measured velocity data, we calcu-

:; ’, ' lated power spectra by using a fast Fourier
e transform in time domain. Figure 5 shows
:: B=0mT, ©=3.33Hz the power averaged over a region of 12.65
mm< r <19.04 mm at hy=10 mm. The

:zw Mﬁv most dominant peak for each applied mag-
10° Fraprntescon A At netic field corresponds to the forcing fre-

‘4 B=20mT, ©=3.33Hz quency. For each applied magnetic field,

o the second dominant peak exists. We can
::: g not understand what it means, but it is
1ot WMW’W* ' observed that the second dominant peak
il B=40mT, w=3.47Hz is shifted to the low frequency region as
e the magnetic field intensity becomes large.
o We consider that there is some relation

108
100 WMV}‘“WNW”\WML between the second dominant peak and

2
Power mm®/s Power mm®’/s Power mm%s Power mm¥s

1 h=10mm B=80mT, w=3.67Hz swirling. It is a theme in the future that
100 ' . . .
0 1 2 3 4 we carry out detailed experiments for this
Frequency Hz problem.

Fie 5 P for th d . This work was partly supported by
'8, 91 Fower spectra for the second resonan Grant-in-Aid for Scientific Research (B) of

angular frequency over 12.65 mm< z <19.04 The Ministry of Education, Science, Sports
mm at Ag=10 mm
and Culture.
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1. Introduction

Measurement of a flow, a velocity at any point or its spatial and temporal distribution,
has been one of the most difficult tasks in using liquid metals and, because of it, its
application to the study in physics and to industrial devices has been largely limited.
Also for many of the rheological liquids which are mostly opaque, investigation of their
flow behaviour was limited only to a measurement of total volume flow and pressure. For
overcoming such difficulty, a new measuring method has been developed using ultrasound
technique, Ultrasonic Velocity Profile method (UVP), and has been established in the
field of fluid mechanics and fluid engineering[1}[2]. The UVP has been developed at Paul
Scherrer Institut(PSI) in Switzerland for investigating liquid metal flow in the geometry of
the target of the neutron spallation source (SINQ). This method uses a pulsed echography
of ultrasonic beam. In this paper, we present our latest results of the measurement of

mercury flow.
2. Experimental set-up

2.1 Mercury loop A full scale mock-up container of the lower part of the SINQ
target geometry has been installed in the Hg loop of the Institute of Physics of the Latvia
University (IPLU) at Riga, Latvia. The mercury is a model liquid to Pb-Bi-Eutectic
(LBE) to be used in the SINQ liquid target. The SINQ target test section is illustrated
in Fig.1. It consists of double coaxial cylinders and has two buffle chambers at the top
for inlet and outlet flow respectively. The mercury is fed into this chamber through 6
inlet tubes connected to it. It then flows down in an annular channel toward the bottom
part called "window” which has a hemispherical shape. The fluid turns there into a inner
circular channel inside the inner guide tube and flows up to the second chamber for outlet.
The diameter of the outer tube is 207 mm and the total length of the test section including
these chambers is ca. 2.3m{2]. Since the geometry of the bottom part such as the shape
of the bottom plate and of the edge of inner tube as well as the gap distance between
inner tube and bottom plate is most important in designing the target, investigation of
the flow in various geometry for this part is under progress. In this paper, we present
results of experiments for the axisymmetric configurations of inner tube and for the flow
configuration under the different gap distance and different flow rate.
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2.2 Instrumentation Flow measure-
ment was made using UVP method. Based
on the results of ultrasound transmission[3],
the wall thickness of stainless steel was se-
lected as 2.87mm. The ultrasound transduc-
ers(TDX) were set on the cutside of the con-
tainer wall. Figure 2 shows the test window
region with transducers that were fixed by a
special transducer holder. With this holder
we can measure maximum on 20 measuring
lines. Prior to the measurement, gas bub-
bles were injected as a tracer, which refiect
the ultrasound pulse. By this method, the
measurement was successful to observe the
spatial and temporal behaviour of the flow.
When many measuring lines are aligned non-
parallel, it is possible to obtain two velocity
compoenents at the crossing points of mea-
suring lines, so that we can obtain the vector

field
3. Results

In the present experiment we made two dif-
ferent types of flow mapping; time-averaged
flow mapping and time-dependent fow map-
ping. Fig. 3 shows the typical measuring
lines for time-averaged and time-dependent
flow mapping. For the time-averaged veloc-
ity profiles, the data set for one measure-
ment consists of 512 instantaneous velocity
profiles. The vector field was then computed
for a series of measurements which consists
of 36 measuring lines. This generates in total
126 vectors in the fieid, when eliminating the
points where the crossing angle is less than
15° . The computed vector field is plotted
in Fig. 4. It is seen that the flow is not nec-
essarily symmetric with respect to the target
axis especially to gap:8. It is considered to
be due to the generation of large vortex and
its time dependent nature as a chaotic flow.
The effect of flow rate is seen in Fig. 4 such
that it becomes more symmetric for the large
flow rate, although it is not a strong effect.
A feature in the vector fields appears simi-
lar for three flow rates studied here when the
gap distance is constant. Again the flow is
very non-symmetric for 8 cin gap distance,

Fig.1 Test section

Fig.2 The hemispherical window
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(a) Time averaged (b) Time dependent

Fig.3 Measuring lines

but it is similar to other cases. The effect of gap distance is significantly large as seen
above. Even for the smallest flow rate with gap distance 2 cm, the flow appears quite
symmetric. It 1s also seen that the region of very low velocity (dead layer) becomes
smaller. It is obvious because the inlet flow velocity at the exit of the annular channel is
larger.

Using the high speed measuring mode of present equipment, we can obtain the time-
dependent flow mapping. Unfortunately, for the time-dependent flow mapping, present
measuring area is very small because of restricted alignment of the measuring lines. Fig.
5 shows the flow field for the cases of twe different gap distances in the hemispherical
window. In these cases, measuring time for one line was 44ms and total measuring time
for a vector map was 0.525 sec. In this figure, we also found that the gap distance has a
very strong influence on the flow behaviour.
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1 Introduction

This method was originally developped to obtain vorticity measurements. Indeed, in the
study of hydrodynamics instabilities and turbulence, a flow is often described in terms of
dynamics of vortical structures. Furthermore, in this context, interpetations are often given
via mode (or Fourier components) interactions. However, vorticity measurements are scarce,
and mostly indirect [1]. There was thus a strong motivation for the development of a direct,
non-intrusive and spectral measurement of the vorticity.

The principle is that of classical spectroscopy: when a medium is exposed to an incoming
wave the total scattered amplitude, far from the flow, is proportional to Fourier transform of
the spatial disctribution of scatterers'. The nature of the wave choses the physical quantity
being probed. Electromagnetic waves respond to density variations; sound waves couple with
both with density variations and velocity gradients:

- in the case of density inhomogeneities, the speed of sound is locally modulated; the resulting
scattering has a dipolar angular dependance,

- velocity variations are felt through inhomogeneities in the vorticity. Indeed, vortices scatter
sound waves; the mechanism may be pictures as follows: a vortex is advected by the incoming
wave and, being set into a non-stationary motion it radiates sound {in much the same manner
as accelerated charges emit electromagnetic waves). The scattered wave has a quadrupolar
structure. .

Measurement of the forward scattered wave vields a measurement of the Fourier components
of the vorticity, for an isothermal flow. When temperature fluctuations are present, they may

be singled out by measurements of the backscatterd wave.

2 Theoretical background

The scattering a an ultrasonic wave by an inhomogeneous flows results from the non-linear
coupling, through the Navier-Stokes equation, of the three hydrodynamics modes sound,
entropy and vorticity [2, 3]. Although expressions for the scattered amplitude have been
derived by a number of authors [4, 3, 6, 7). compact and elegant formulations are given bay
Lund and co-workers (8, 9]. For a plane incoming sound wave with frequency vy:

wrfey : T I

£ cosfsinf incry (1)

Qg v—
1 — cosd CS _L(Qa VD) ¥

scat

onrz (E y} - Pénc

1t is assumed that thepopulation of scatterers is dluted so that Born's first approximation is justified.
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scal
at distance D from the flow, where g= f;{g - E, is the scattering wavevector, # the scatter-
ing angle, ¢y the speed of sound at temperature Ty, £, (7,7} the component of the vorticity
field perpendicular to the scattering plane and T(7,) the temperature field (we write F the

Fourier transform of a function F}.

3 Experimental implementations

Generalities
The scattering wavenumber choses the scale at which the flow is probed, ¢ = 471y sin(%) /e

In experiments, this is conveniently achieved by tuning the frequency of the incoming sound
wave, In laboratory flows the scales of motion are in the range 10cm to 100um; they are
resolved using ustrasonic transducers which emit in the band 100kHz to 50MHz for flows in
liquids (commercially available) or in the band 5kHz to 400kHz for flows in gases {custom
made {10]). The transducers must be as large as possible to define a scattering wanuber with
precision?; typical values are Ag/q ~ 2%.

Validation
We have extended the early work of the 60s russian acoustic school {11, 12] to develop sound

scattering as a spectroscopic tool for flow investigation. First equations (1) and (2) have been
validated in simple flows where scatterers are periodically spaced. For vorticity such is the
case of the von Kdarmédn vortex street; for thermal perturbations we have used the thermal
wake above a heated wire. In each case [13, 14, 15], we have established the spectral nature
of the measurement and shown that this scattering technique allows original contributions to
the study of spatio-temporal instabilities.

Applications to turbulence
We have studied a heated jet [16], in a case where temperature may be regarded as a passive
scalar. The scattering technique gives a direct measurement of the spectrum, in space, of the
temperature fluctuations; we have observed a spectral density T%(g) o< ¢73/3 in agreement
with the Corrsin-Obhukov theory. We have also shown the intermittency increases at small
scale in agreement with the formation of scalar fronts.

Vorticity measurements in a jet [17] have shown that the enstrophy spectrum has a ¢M/3
inertial behavior, in agreement with Kolmogorov’s mean field theory. Regarding intermit-
tency, we have shown {18, 19] that the Fourier components of vorticity have a trivial behavior
at all scales, save for a band around the Taylor microscale where intense filaments are formed.

Current research is oriented towards simultaneous dynamical analysis at several wavenum-
bers, to probe directly the triad interactions that underly the turbument cascade [20, 21].

?But the measurement volume must remain in the far field.
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1. INTRODUCTION

The flow velocity profile measurement by the ultrasonic-Doppler - velocity profile(UVP)
method ¢ exhibited an outstanding potential in an accurate measurement of flow rates because of the
advantage of the UVP method instantaneously measuring a spatiotemporal velocity profile over the
flow channel. The conventional ultrasonic measuring techniques are based on a spatially averaged
fluid velocity measurement, the fact of which causes inaccuracy in flow rate measurements due to the
inevitable assumption of the flow velocity profiles. This paper summarizes the measurement methods
of the velocity profile and flow rate using UVP, and its characteristics of ultrasonic wave propagation
through the metallic wall to place the transducer on the outside wall of the pipe for industrial
application. Using a small pipe test stand, we showed the UVP method to be very feasible in order to
measure the transient flow rate with high accuracy and with fast response. We also performed the
measurement of flow rates using larger stainless steel pipes with transducers located on the outside
wall of the pipe and compared the measured results of the transient flow by UVP against the measured

ones by conventional measurement devices.

2. ULTRASONIC BEAM STUDY FOR APPLICATION TO METALLIC WALL

2.1  Theoretical discussion on the transmission of ultrasonic waves

The transmission of ultrasonic beams through a metallic wall was examined to clarify the
effects of the ultrasonic basic frequencies against the wall thickness to enable the measurement of the
flow velocity profile and flow rates from the outside surface of a metallic wall®®. There occur
reflection, diffraction, and absorption of the ultrasonic wave at the boundary of two materials of the
different acoustic impedance. When the wall thickness is in the same order of the wave length, there
occurs a sort of resonance transmission of the wave. Immersed in a fluid, a transtussion coefficient of

the wave is described as following:

D- ! o

J 1 +...{m ~-—)~sm° Z:d

where m=Z1/72; Z :acoustic impedance; d: wall thickness; A : wave length.

Due to its trigonometric characteristics, it changes as d/A periodically, as shown in Fig.1 with
two examples of Plexiglas and steel. For Plexiglas, the amplitude of oscillation is rather small between
80 and 100% and its width is pretty broad. Whereas for steel, the resonance peak is very strong and
narrow. However it is promising that for the resonant wall thickness, the transmission is 100%. It is

found that the maximum transmission occurs at
dA=0,1/2,2/2,3/2,4/2, =n/2 {2)
and the mintmum (maximum reflection) at :

d/A = 1/4, 3/4, 5/4, = (2n+1)/4 (3
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We selected wall thickness of stainless steel using the wave length unit at a room temperature.
The wall thickness was determined using 2 and 4MHz of basic frequencies. The total Doppler powers
are shown in Fig. 3. It shows clearly that a high transmission is attained for a half-wave length of
2MHz. It is very promising that 1/2 wave length be a realistic wall thickness and would give us a
solution for the measurement of the flow rate by the ultrasonic Doppler method by placing the

transducer outside wall of a pipe

3. FLOW MEASUREMENT IN INDUSTRIAL STAINLESS-STEEL PIPE

3.1 Experiment
The test sections are A250 whose inner diameter is 250 mm, and A400 whose inner diameter

is 400 mm stainless steel pipes connected in parallel. The length of the test section is about 10m. The
smaller pipe of A250 is equipped with the orifice flow meter and the electromagnetic flow meter. The
larger pipe of A400 is equipped only with the orifice flow meter.

The adopters are inclined by 5 deg., 8 deg., and 12 deg. to the normal line of the pipe axis.
One adopter has a bore hole where the transducer directly contacts with water. The second adopter has
a wall whose thickness is adjusted to the basic frequency but its surface is parallel to the wall. This
means that the wall thickness is not constant over the total active area of the transducer. The third type
has a wall of constant thickness over the active area of the transducer.

Cavitation gas bubbles were used as a reflector. Since the Ioop has several bent and valves,
cavitation bubbles were generated when the loop is not pressurized. Hydrogen gas bubbles were also

possible to use as a reflector.

3.2 Resuits and discussion
The steady state flow rate can be obtained by integrating the velocity profile, which is

obtained with the measuring line on the diameter. There is quite a strong influence of the wall just in
front of the transducer which deteriorates the shape of the velocity profile. We decided to use only the
half of the velocity profile which is beyond the center of the tube, using the following equation:

R

0=2x f V(r)rdrising (8)
0

where B is the inclination angle of the transducer.

Vilodity profile (MWW
2 IMHz, Wall with Ot

O O

I fa X ]

Fig. 4 Time averaged velocity profile in 250A stainless-steel pipe (1MHz, thickness of 4 /2)
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Fig.1 Transmission coefficient of ultrasonic through Plexiglas and Steel walls,

2.2 Experimental study
Fig.2 is a plot of the total Doppler power at the center of the channel with respect to the wall

thickness of aluminum, whose acoustic impedance is relatively small as metals, in unit of wave length
for two frequencies used here. The figure exhibits a general tendency that a large Doppler power can
be observed at the wall thickness of half and one unit of wave length, the fact of which seems to
enable us to have better transmission of the ultrasonic beam through metallic wall when the wall
thickness is carefully selected.

Ultrasound transmission through metalic wall
{Aluminum , K US frequency)

t.6E+07 e
1. AE+D7
1.2E+07
1.6E+07

2 MHZf
B.OE+08 -4 MHz
6. 0E+06

4.0E+06

Total Doppler Power

LE+08

2

G.0E+00 + . - . d

0.00 ©0.25 0.50 0.75 1,06 1.25 1.80
Wall thickness {unitwave length)

Fig. 2 Total Doppler power with unit of wave length through Aluminum wall.

Totalpower {SUS, 2MHz, flowrate}
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¢ 2 4 &
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Fig.3 Total Doppler power against wall thickness of stainless steel.
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Fig. 4 shows the measured results of ume averaged velocity profiles of the case with IMHz
ultrasonic basic frequency.

Transient measurement means to study a response of the flow meter to the flow which
fluctuates with relatively high frequency. In order to make a comparison of time-response with the
orifice (ORF) and electromagnetic flow meter (EMF), these values are recorded in the computer. The
results are shown in Fig. 5. It can be seen that the time response of UVP appears very good compared
with the orifice flow meter, and that the transient behavior shows the exact correspondence with the
orifice up to the small fluctuations not only transient period but also stationary period. Fig. 6 shows a
difference of the measured flow rates between UVP and the orifice. The difference ranges up to 0.2%
in steady state flow condition and about up to 5% in rapid transients.

Transient flow rate i ifi
ra:ns : rate {comparison) U
VP e
: S m——- 5

. : - EMF =4

S N Ly s -

A A NG 5 e 83 :

2 SN/ N s o

g% ; ; i ' . =2 by X

3 0 " EMF] " % %’ B ] :

L oo : ¢l (=]

o
ot
3¢ 4@ 50 60 i 8
Time (sec)

Fig. 5. Comparison of measured transient Fig. 6. Comparison of errors between
flow rates by UVP, orifice (ORF), measured transient flow rates
and electromagnetic flow meters by UVP and orifice flow meters.
(EMF) .

4, CONCLUDING REMARKS

Transmission of an ultrasonic beam has been studied experimentally. The experimental results
show that one half-wave length would give the most promising result for the velocity profile
measurement. By one-dimensional measurement, the transient flow rate can be obtained with
sufficiently high accuracy. By locating the measuring lines on the diameter at various azimuthal
angles, transient flow rates can be successfully measured. Comparison with the orifice flow meter
shows that the estimated flow rate is in a very good agreement with its result. The electromagnetic
flow meter has a poor time response compared with other two methods.
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LINTRODUCTION
A new flow metering system using ultrasonic Doppler method (UVP) has been developed by Takeda et al

M 1q this system, a flow rate is obtained by an integration of instamtaneous velocity profile measured by UVP
over a pipe diameter. This system has a many advantages. One s that pressure loss is not caused because the
ransducer can be set outside of the wall and other one is that can be applied to opaque liquid. and so on.
Especially, it is not necessary the process of interpolation or averaging which using other ultrasonic flow meter
because a flow rate be estimated directly by using instamtaneous velocity profiie.

Kikura et al. ™ clarified a characteristic of ultrasonic propagation through the metallic wall and indicated
that a flow rate can be measured from the cutside of the stainless steel when the basic frequency of the ultrasenic
pulse is carefully selected. Mori et al.™ reported the result of a flow rate measurement in the stainless steel pipe
(230A and 400A) which is more realistic configuration. The error rate that obtained by compare a flow rate
measured by this method with that by other flow meter (orifice flow meter and electric flow mater) was less than
0.2% at steady flow condition. Taishi et al. ¥ was indicated that this method has a good sensitivity for a transient
flow rate. Thus, it is suggested that this method can be applied to flow metering system with a high accuracy.

For the realization this method, it is necessary the more information of the accuracy, Especially, it is
necessary that the accuracy that compared absolutely flow rate is obtained. At the NIST (National Institute of
Standard and Technology) in USA, there is the system that can be measured weight flow rate. In this paper we
report the result that compared absolutely flow rate measured by this new method with that measured by weight

flow rate by the NIST standard calibration system.

2.EXPERIMENTAL APPARATUS

The water facility of the NIST standard calibration system that consisis of a reservoir, pump. meter runs
and weight tank is shown in Fig, |. The system is usually operated as a constant flow facility over the test section.
The junction that switches the flow channel to the weight tank or the reservolr is set at the downstream of the test
section. An operation that the junction is switched does not affect to the flow condition. Flaws up to 38m"/min
(10.000gal/min) can be provided and maximum Reynolds number is abeout 4M when the pipe 234mm in
diameter is used. The weight tank capacity is about 20m” and weight of water inside it can be measured. The
method of flow rate measurement is below. Water thorough the test section is stored in this tank in some period
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o
Reservoir
Fig.l. Schematic of the experimental apparatus - NIST calibration standard system-
A
K - )
o TDX(4MHZ) TOX{4MHD)
. Table 1. UVP parameters
Flow P Reynolds Number 400K 2.6M
O St . Transducer 4MHz  IMHZ
o Starting Depth 10lmm  340mm

Channel Distance  2.22mm  1.48mm

Maximum Depth  326mm  340mm

TOX(1MHz) RF gain 44 11

Fig. 2. Test section detail and coordinate system

and a weight is measured. The weight flow rate is obtained as a result that the volume of water stored in the tank
divides by that time. The relative expanded uncertainly for these facilities is 0.12%. The test section has 10.15m
(400in.) length and the pipe diameter is 4=253.75mm (10in.). The measuring region was set a downsiream
L/d=33 from the nozzle exit.

The test section with transducer setting is shown in Fig.2. Two type transducers which frequency of
ultasonic are 1MHz and 4MHz were used. The IMHz transducer was put outside of the stainless wall and the
4MHz one was put on spatial mount made by Plexiglas which thickness is 2Zmm. An inclination angle of 1MHz
is 5 degree and 4MHz 0-20 degree with flexibility. A particle was not used as a reflector in this experiment
because there is enough small cavitation bubble that generated around the pump in water.

J.EXPERIMENTAL METHOD

Experimental procedure was according to the one of the NIST. A simultaneous measurement of flow rate
by UVP and NIST system was examined five times in one running. The average flow rate was determined as the

one that is averaged in each examination. A sampling of

flow rate by UVP was started at the time when the 20 | }
junction 1s switched to the tank and continued over ' "

. N . . i
storing to the tank. The method of estimating flow rate 13 | f

same one as Takeda et al''! has reported. Reynolds
numbers are 400K and 2.6M and the ransducer of the
UVP was used 4MHz and IMHz, respectively. Typical
UVP pararneters are shown in Table 1. A mean velocity
profile of U component was measured to obtain an 0 s0 w00 150 200 250
information of flow condition, This component of Fsnmm)

velocity can not be measured directly by UVP so that it
was measured according to the method of flow mapping.

Velocity{tanys)
g

]

Fig. 3. Mean velocity profile (Re =400K)
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4. RESULTS AND DISCUSSION

4.1 Mean velocity profile
The mean velocity profile in the pipe is shown in Fig.3, The frequency of ultrasonic is 4MHz and the

inclination angle is 12 degree. Reynolds number is 400K As shown in this figure, the velocity measured by
UVP is disturbed by the reflection from the wall of the test section in this experiment so that it is difficult
estimate the flow rate directly. The velocity that 1s measured with the ultrasomic frequency of 1MHz thorough the
stainless steel is disturbed at near side of transducer by reflection such as Kikura et al." reported. However, if a
flow condition is symmetry, a flow rate can be calculated by using half side velocity profile. To obtain an
information of the flow condition, we measured the U-component velocity at various positions. Mean velocity
profile of {/-component is shown in Fig.4. As mentioned above, the reflection is too strong to measure over a
pipe diameter so that a velocity was measured two position which is 0 and 80 degree and the results are shown
only half side from the wall of transducer side to the #/d=0.5. As shown in figure, velocity profite of U.
component is good agreement with that of the 1/7 power law in various positions so that it is suggested that the

velocity distribution m the pipe is almost symmetry.

4.2 Flow rate measurement
As mentioned above, the velocity profile at far side of the pipe wall can not be obtain so that a flow rate is

estimated by using one of near side region at the case of using 4MHz frequency. On the other hand, the velocity

profile can not be obtained at near side at the

case of using IMHz frequency because of the 1.5 l.—' A B

ringing of the stainless steel so that one of far ]

side 15 used to esumate flow rate. Typical

transient flow rate is shown in Figl ]

Sampling interval of flow rate is 72msec. £

Mean flow rate 1s 68.18V/s and standard Q

deviation is  7.3%. Various frequency ) ;

fluctuation can be observed and it has been 0.5 . iﬁgfgii'fzfa %%z:,: ;512 ]

clarified that these fluctuation of flow rate S rorzomatfale. a=10

was good agreement with that measured by — 17 law .

orifice flow meter'®. 0 A O T WY SR
The result of Re=400K that is 0 0.1 0.2 0.3 0.4 0.5

rd

compared flow rate measured by UVP with
that measured by NIST system is shown in
Table I. First column means data name. The
value of second column is the flow rate that
1s measured by using UVP and the value of
third column is weight flow rate by NIST 100
systen:. In this table, seven data sets of

Fig. 4. U component mean velocity
Um 15 bulk velocity that measured by NIST system and

“a” i inclination angle of the wansducer

measurement result that is examined five
times in one experiment are shown. Especially,
the pumber C, the average flow rate is

excellent agreement with one measured by

using weight flow rate and the result is 0.00%.

Abourt other data set as shown the table, the 20
flow rate measured by this new method is
good agreement with the weight flow rate by 0
0 100 200 300 400 500

the NIST system. The error rate i all
experiment is only 0.18%. The result about
more high Rewynolds number (=2.6M) is
shown in Table 2. The error rate 15 a [iltle

Tirne(sec)

Fig. 5. Transient flow rate
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larger than that of Re=d00K because it was measured  Table 2. Flow Rate Measurement

from the outside of the stainless pipe. However, when (Re=300K)
the condition of the seeding is better, the accuracy of DVE ™[5 | Weight

. . . . Average Deviation] GPM L/s | Difference % error
this method is very high as shown in the table. O R Y A K XTI BES hhen
; : e Frvars z ] rom 3z | 1waT tood 020 029%
in this experiment, the inclination angle of 3] %% 3ot 1111090 7004 072 Ryoey
ransducer for IMHz frequency is fixed 5 degree 41 7061 30C UDE 7004 1 067 082%
) = s 7223 312 lnom 7007 036 -0.23%
because we atmed the measurement of high Reynolds |8 6 | 7020 331 {71087 7008 012 037%
. v | 103 a4 |14z 704 025 -0.35%
number. As a result, the reflection was too strong to 8 700 338 |10 70 013 0.22%
. . o} ssm 356 11098 700 015 021%
measure a flow rate, however as shown in a result. it 10 690  a3as Piore  roo7 0.17 0.24%
. ) . . C 11| 7021 337 |} i11382 7023 0.04 C.06%
1s possible that the flow rate measures using half side 21 78 317 lunze 7o | 008 .041%
. A . . 131 7038 339 |iaer 7025 | 043 -019%
velocity profile in this configuration. If we examine sa] 700 340 |11504 7031 1 004 o06%

with flexibility of the inclination angle of transducer, 15] 1006 341 LIEI0 7028 } 012 037%
. D 118 £5.87 azz 111150 7014 0.33 0.48%

it is suggested that we can measure with more high 17 7052 332 pIM38S 7027 | 035 0.21%
18] 8367 335 | 1300 FOn 054 0%

accuracy. 19| es88 321 [rmz2s 7oz | o3z o4sn
20| 7007 320 [iu1373 028 | oie 027

, E 21} 7020 323 |1101.77 €980 | 670  -100%

- 22 €9.97 3.20 1102.62 B985 RIT3| -0.59%
5.CONCLUSION 23] 7003 a3s liiozse eesr | 0% -0Bon
\ : : 24f 700t 331 110285 6357 | 054 078%

A new type flow metering system using e5] 7006 338 | 110320 6950 | 077 -110%
ultrasonic Doppler method has been developed. In | F %] 8976 296 | 110330 6960 | 016 023%
a pp P 27| 6947 319 1110351 6941 GO6 008%
thiz presentation, we reported the result of 2B 682 323 | 110343 6o Lt G16%
e ) 20| 6845 333 (t1io3ss esex | o018 ozew
comparison absolutely fiow rale measured by this 30| 6357  3z2 110344 69 0.04 0.06%
. . G 5 82.96 3.07 110077 69.50 -0.46 D6E%

new method with weight flow rate by the NIST 32§ 6970 321 | 110262 6956 014 0.20%
3 . . 33 63.36 324 10250 B8.57 g.22 G.31%
standard calibration system. 34| BI.54 313 | 110285 69.57 0.03 0.05%

351 68971 3.22 110320  69.50 0.12 0.17%

In this experiment, the pipe flow of NIST
system is symmetry that is fully developed so that a
tlow rate was caiculated using by half side velocuy
profile because velocity profile of another half side
was disturbed by the reflection. The result of

Average | 70.03 6.13 1108.10  69.9¢ -0.13 «5.18%

Table 3. - Flow rate measurement
{Re=2.6M)

uve (L5 T Weight

Re=400K 1s very good agreement with the flow rate Aversge Deviation] GPM  t/s | Difference %error
L . A 47535 26,66 | 7485084 47224 | -atr  -066%

measured by the Wﬁlght flow rate. The error rate in all 478.06 25.45 748560 472.22 -5.85 1.24%
47530 2560 | 749420 47275 | 234 -0.50%

474.44 26,95 | TAIRS4 47180 -2.65 0.56%

experiment is only (.18%. The result of more high
47201 26.38 | 748313 47206 0.05 0.01%

Reynolds number (=2.6M) is a little farger than the
result of Re=400K because it was measured from the Average] 47499
outside of the stainless pipe. However, when the
condition of the seeding is better, the accuracy of this method is very high about 0.6%.

As mentioned above, it is indicated that this new type flow metering system using by UVP has very high
accuracy. And this method 15 multipurpose system because flow rate can be measured under high Reynolds

(A - ¥ B

0.63 748556  4n2.n -2.78 -5.59%

number.
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measurements

Dr Jean-Louis Boillat, Andrea Lavelli

Laboratory of hydraulic constructions, Swiss Federal Institute of Technology Lausanne, CH-1015
Lausanne, tel. ++41 21 6832385, fax ++41 21 6932264, email : secretariat.lch@epfl.ch

Summary

Velocity profile measurements in a channel of 0.30 m width and 8 m length were made at the
Laboratory of Hydraulic Constructions at the EPF-Lausanne with a UVP probe based on Doppler’s
echography. The aim of this study was to determine the equivalent sand roughness k; of the bottom.
The sfope of the channel is variable between 0 and 1 % and the walls are rmade of transparent PVC.
The boundary layer's theory developed by Frandil treats flow in the vicinity of a wall. The friction
velocily is given by applying a logarithmic regression curve u = A, In{z}) + A; fo the velocity profile. The
caleulation becomes an iterative process, because the validity field of this relationship also depends
on the friction velocity u.. The results obtained for various types of bottom surface roughness make
possible to draw the following conclusions: :

»  The velocity fluctuations in the logarithmic part of the velocity profile are significant. This implies
strong variations on the calculation of the parameters A, and A, of the logarithmic regression
curve and a significant dispersion of the roughness k;.

Vertical distance z in Prandil's law is measured from a line which passes slightly below the

roughness peaks. In general z, = -0.2 k;. By measurements with UVF probe the ultrasounds can

reflect on surface elements located at different levels.
« A solution is to measure many velocity profiles over the entire length of the channel and to

determine the average value of k;.

1. introduction

The pressurised tunnel is one of the significant elements of a hydroelectric power plant. It frequently
extends on several kilometres between the reservoir and the surge tank marking the departure of the
penstock. It is therefore of major importance o minimize the head losses due to friction in such a
tunnel. This can only be done if these losses are predictable in relation with the size of the surface
roughness elements. The boundary fayer theary is a useful base for the determination of surface

roughness which can be evaluate from velocity profile measurements.

2. Theoretical aspects

The head loss h, [m) divided by the length of reach concerned L {m] is called friction slope J; [-]. The
common relation used to express J; is the Darcy-Weisbach formula (1)

2
gt YL (1)
L 2 D
D : section diameter fm}
V : mean flow velocity [m/s;
g : gravitational acceleration [m/s"]
f: friction coefficient []

The friction or resistance coefficient f was investigated experimentally by Prandtl [1]. An analytical
relation was later proposed by Calebrook and White (2) for the expression of f in turbulent flow
condition over random surface roughnesses in opposition to the uniform sand distribution used in the

Prandt experiments [2].
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k .

L =~2-logf —"—+ 231 valid for Re > 5000 with 2
7755 ey

V-D
e = (3)
k.. equivalent sand roughness im]
Re : Reynolds number [
v: kinematic viscosity [rf/s]

k. corresponds to the sand grains diameter, homogeneous and uniformly distributed, which would
cause the same pressure loss as the surface roughness of a frade conduit.

The value of k; depends on the height, 10! . ' :
forms, density and distribution of X e=kJD
roughness elements. 5 M s
Moody was the first to propose a 4 '\ \ : 102
graphical representation of the relation \ T
of Colebrook and White (Fig. 1). This S~ 10
dtagrarfl give the head loss factor f as f \_?__ 10+
a function of Reynolds number Re and 42 | S n
relative roughness k/D. The purpose T — .
of the study then becomes to . | 10% ey
determine  the equivalent sand , } Re -]
roughness k. of a surface indifferently. R L X \ .

10° 108 107 107

Figure 1 : Diagram of Moody-Stanton

The boundary layer theory, developed by Prandtl, treats the flow in the vicinity of a wall {1]. This flow
can be subdivided in two zones:

1. the close to wall, of weak thickness, calied boundary layer, where the influence of

friction forces is significant;
2. the zone far away from the wall, called free fluid, where the influence of friction forces becomes

negligible.

The Prandt!l's law in the interior zohe of the tHlow is given by (4).

oLz g (4)
ut K ké‘ g L] .
1. ; friction velocity fm/s]
z : outdistance starting from the boftorn mj
x:universal constant of Von Karman -]
B, constant of integration [l
u/u. 252001 2/820.2
The validity field of (4) is defined as 40 interior zane :s external zone
: ™ i
i, s . ! .
60 £ —> < 500 which is equivalent viscous ; turbulent o
v - 30 F 1 k A
with 0.01<5 <02, §[m]is the + 1 o
é 20 + i § 1
distance from the bottom to which 1 -
one notes maximum velocity. 10 ! ! ]
60
0 s 1 I [ i ! i 1 L i i .

1 2 5 10 2 5 102 2 5 103 2 5 104

Figure 2: Validity field of the Prandti’s law



3. Experimental study

Velocity profiles measurements with a UVP X-3-PS probe [6] were made in a flume of 30 em width and
8 m length. The data was collected at a frequency of 10 Hz and a 0.748 mm grid spacing along the
axis of the transducer. This axis made an angle of 80° with the channel bottom, corresponding to one
measurement every 0.648 mm along the vertical axis. The slope is variable between 0 and 1%
adjustabie using a crank. The side walls are made of transparent PVC and the tested bottorm surfaces

were following:

« smooth concrete (Fig. 3a),
¢ concrete with regularly bored holes representing 4.5 % of the total surface {Fig. 3b)},

» Garden flagstones with some different grain sizes and forms (Fig. 3¢-3e).

a) b) Y d) )
Figure 3 : Tested bottom surfaces
In order to obtain a broad channel flow condition, i.e. with negligible influence of the walls, a flow

discharge of 6 I/s was used.
The friction velocity u. and roughness k. was calculated for each basic type by applying the boundary
layer theory described previously. These two steps are described hereafter:

Determination of u.

1. First choice of the validity interval of (4) ¢ (Zuir | Zmax )-
2. Application of the corresponding regression curve : u= A,l In{z}+ Azl

3. Calculation of the friction velocity : u,' =x - A,}
o1 1o

M, Z *
4. Checking of the result validity : =2 >60  and = % <50
v v
5. Validity field satisfied : calculation of k;

Validity field not satisfied : new choice of the validity interval.

Determination of k

Once the friction velocity calcuiated, it is easy to determine the roughness k, with {5):

k, = exp[[él - B, J (- K)J {5

The B, value in (5) is 8.5, corresponds to a rough flow condition. This is checked using the relation

Lk . . .
70 proposed by Nikuradse {3]. If not the case, the flow condition can be smooth or in
v
transition state and the value of B, becomes a function of u.k¢fv. Two formula were proposed by
Nikuradse and Krishnappan for this case [5]. The resolution must be made in a graphic way
considering that an analytical solution doesn't exist.

4. Results

An example of a measured velocity profile is given on fig. 4. it is noted that the fluctuations speed in
the logarithmic curve part of the profile are significant, which makes difficult a precise estimation of the
friction spesd u. and roughness K. Figure & shows the Prandtl’s law adjusied o the logarithmic part of
the velocity profile, in the interval defined on figure 2. From the adjusted coefficients A1 = 0.0848 and
AZ = 0.82, the friction velocity and the roughness values can successively be calculated.,



Valocy 1 {m/s}

60

. 0.6 042
1 iy =p0848inixg + 082 4 s
..".‘."’0.‘.‘.0"'.QQQ“"“.‘..\E 0.5 i R2 = 08438 /( :
u"“'. e : 0
_yant S e 03 1-/
ot ; _E / £.35
‘0.3 z 5.38
* ‘g / :
: bi 0.2 2 / * Measured vaiues 0¥
« Maasured values | T o
L T U
. o1 pd — logarithmic | .
I tegrassion curve | . 63
! - ‘ : , i o . . {034
¢ 0008 G601 G015 002 0085 003 0035 0.002 0003 0004 0005 0006 0007  CO08  0.008
Measurernent distanca z [m] Measurement distance 7 [m]
Figure 4 : Velocity profile measurement. Figure 5 : Logarithmic regression curve

in the inferior zone.

The resulis of k; for each bottom type are given in table 1.

Ky
1 Tesied plates [mm] Comments
' Good agreement with the values given
Smocth concrete (figure 3a) 0.37 i literature.

Weak roughness increase compared to

Concrete with 4.5% of holes (figure 3b) 0.59 the smosthes case.

For equivalent projected surfaces,

Garden flagstone VERONA (figure 3c) {A) 15.23 roughness k, strongly depends on the

shape of the grains. Kibbled grains,

Garden flagstone RIVIERA (figure 3d) (B) 1.67 with square edged boards, produce a

higher value of ke than grains with

Garden flagstone JURA (figure 3e) (Ay+{B)| 5.66 round form.

(A) : Kibbled grains ; (B} : Rounded grains.

5,

Table 1 : Calculated k. for different surface types.

Conclusions

The results obtained in the determination of the sand equivalent roughness for various types of
surfaces make it possible to draw the following conciusions:

The velocity fluctuations in the logarithmic part of the velocity profile are significant [5]. This
implies strong variations on the calculation of the parameters A, and A; of the logarithmic
regression curve and a significant dispersion of the surface roughness k..

Vertical distance z in Prandil's law is measured from a line which passes slightly below the
roughness peaks. in general z; = -0.2 k¢ [3). By measurements with UVP probe the ultrasounds
can touch parts of surface which are on different levels.

The proposed solution is to make velocity profite measurements over the entire length of the channel
and to seek the average value of k..
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Summary

In order to clarify the flow mechanism of river-induced turbidily currents in artificial fakes, physical
modelling of turbidity currents was carried out in a laboratory flume. Parallel to the laboratory study,
performed at the Laboratory of Hydraulic Constructions at the EPF-Lausanne, field observations have
been made in an Alpine reservoir and its main inflow river. The reproduced turbidity currents in the
laboratory have been monitored using ultrasound prebes functioning with the Doppler Method. Meas-
urements were made in the flume with three different configurations of the ultrasound transducers.
The flow in the laboratory flume has been simulated numetrically. The results of the laboratory experi-
ments and the numerical calculations were compared in order to check the accuracy of the numerical
two-phase flow code. Comparisons were made with vertical and axial velocity profiles. The complete
3D-flow field has been computed and compared with the measured 20-velocity distribution near the
bottorn of the flume. The so tested numerical two-phase flow code has then been applied to simulate
river-induced turbidity currents directly in an artificial reservorr. .

1. Introducti_on

Sediment deposition in reservoirs causes mainly loss of water storage capacity (Graf 1994, Fan and
Morris 1992}, the risk of blockage of intakes structures as well as sediment entrainment in hydropower
schemes (Boillat et al. 1994, Schieiss et al. 1996, De Cesare 1998). Finally the sediment ends io
some extent in the downstream river during {lushing (Rambaud et al. 1988). The planning and design
of a reservoir require the accurate prediction of sediment transport, erosion and deposition in the res-
ervoir. For existing ariificial lakes, more and wider knowledge is still needed to better understand and
solve the sedimentation probiem, and hence improve reservoir operation.

Turbidity currents are often the governing process in reservoir sedimentation by transporting fine
materials over long distances through the impoundment to the vicinity of the dam. They are flows
driven by density differences caused by suspended fine solid material. They belong to the family of
sediment gravity currents. These are flows of water laden with sediment that move downslope in
ctherwise stifl waters like oceans, lakes and reserveoirs. Their driving force is gained from the
suspended matter, which renders the flowing turbid water heavier than the clear water above.
Turbidity currents are encountered in fiuvial hydraulics, most prominently ¥ a sediment-laden
discharge enters a reservoir, where, during the passage, it may unload or even resuspend granular

rnaterial.

This paper presents some aspects of physical modeliing and numerical simulation of turbidity currents.
Special attention is drawn on the measuring technique in the laboratory using ultrasonic Doppler
velocimetry.

2. Experimental set-up

Figure 1 shows the general schematic view of the flume, two adjacent mixing and storing tanks and
the measuring equipment. The flume used in this investigation is 8.4 m long, 1.5 m wide and 65 cm
deep. it is made of sieel but has a glass wall on one side. On the bottorn 2 8 m PVC plate is laid which
varies a slope from 0 to 6%. Water-sediment mixture is takes place in a separate tank (2 m”) with a
propeller-type mixer. This tank is connacted 1o an upstream tank by a recirculation pump. The turbid
water returns to the mixing tank over a free surizace weir, which controls the water level in the
upstream tank. A gate with variable width and opening allows the controlied release of the turbidity

current into the flume,

Measurements wers made in the flume with three different configurations of the UVP transducers.
Because the UVP instrument allows only one transducer to be connected &' a time, the eight
transducers used in the experimental sel-up were connacted to the UVP via a multiplexing unit.

2nd International Symposium on Ultrasonie Doppler Metheds for Fhuid Mechanics and Fluid Engineering
September 20-22. 1959 Paul Sherrer Institny, 3232 Villigen P8I Switzerland
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Figure 1.

Schematic drawing of the experi-

® 0 mental installation, (1) mixing tank
{2) upstream tank  (3) recirculation

) \ pump (4) free surface weir (5) inflow
g gate (6) turbidity current
(7) experimental flume (B} ultrasonic
R probes (%) sham  crested  weir

: (10} flexible duct (11} UVP instrument

{12) controling computer

The beam directions and the penetration length were chosen in order to cover the interior of the
advancing turbidity current. As the model is syrmmaelric, the profiles were taken on the axis of
symmetry and the flow -mapping region was situated on one side of the flume only. The arrangement
of the transducers are described as foliows:

» Vertical arrangement with 8 transducers looking with an angle of 80° against the main fiow. The
measurements give the projecied vertical velocity profiles over 2 m flow fength from the gate, the
distance between the transducers was 25 cm.

+ Axial disposition with 8 transducers looking straight against the main flow. The measurements give
the horizontal velocity profiles over the whole 3 m Hlow length from the gate, the distance between
the transducers was 50 cm. The probes were installed 12 mm above the bottom and were slightly
set off laterally in order to reduce interference by refiection of US from different transducers.

s Square grouping with 4 transducers on each side looking straight at and perpendicular to the main
flow in the spreading part just after the inflow gate. The side of the square plane where the flow
mapping took place was 82.5 cm long, the distance between transducers was 12.5 cm close to the
inflow gate, and 25 cm esewhere. The transducers were instalied with plastic clamps 12 mm
above the bottom on an aluminium frame.




The echo of the flowing turbidity current was strong enough to aliow rapid measurements, only 4
successive profiles were taken with each transducer, and the averaged profile is used as velocity
profile at one location. The temporal resolution was therefore less than 12 second per profile. The
duration to sweep all transducets was around 3 seconds and the cycle was repeated every 5 seconds,
thus giving a quasi-instantanecus velocity information every 5 seconds. The vertical profiles were
obtained with 8 measurements per profile, thus doubling cycle time, repstitions were made every 10

seconds.

3. Simulated turbidity current

Ali the experiments were conducted with fine homogenous clay as suspended matter. The density of
the sediments is p,=2740 kg/ma. The particle size distribution ranges from dys = 0.002 mm to
dep.= 0.1 mm, with & mean particle diameter of dg; = 0.02 mm. The corresponding settling velocity
calculated using Stokes law is vy = C.4 mm/s for the representative particle size in calm water. In all
experiments the clear water from the main reservoir of the hydraulic laboratory was used as the ambi-
ent fiuid. The water-sediment mixtures were prepared in the mixing tank by adding the dry clay to the
clear water. The density of the water-
sediment mixiure, Pry varied between
1'002 and 1'005 kg/n”, and the mixture
was considered to be & Newlonian
Fluid.

L, R
§in

Figure 2:

Photograph of the expanding turbidity
current in the experimental flume 258
after opening of the gate, the current
spreads out almost racial,
125mm x 125mm grid on PVC tottomn

Figure 2 shows a photograph of the spreading turbidity current 25 seconds following its initial release.
After its spreading to the total flume with, the current adjusted itself rapidly to a uniform flow advancing
steadily within the tank. When the current reached the downstream end of the flume, the turbid water
was evacuated by opening the bottorn gate. During the total duration of the experiment the same
turbid water flux was fed from the inflow gate.

4. Experimental results

The measured velocity profiles were comparec a theoretical distribution, the resuit agreas weli as
shown in Figure 3. A bottom surface layer region, where the velocity distribution is logarithmic and a
jet region, where the vejocity is the half Normal (Gaussian) distribution.

Figure 4 shows the velocity distribution in the turbidity current expansion. Both calculated and
measured values are piotted on the same graph. The results of the numerical modeliing are presented
by a surface of equal concentration where the maximum concentration gradient can be found.




This surface fits well 1© the position of
the interface between the turbidity
current and the surrounding water.
The velocity vectors are given on a
fine grid in a plane paralle! to the
bottom. This plane is situated at 12
mm from the bottom, the same level

jet region gaussian as the one where the transducers
distribution were instalied.
4 Figure 3:

Measured velocity values compared
to theoretical vertical velocity distribu-
tion. Values from run n®2, 80ms
» ’ between two succeeding measure-
0.¢ 0.2 G4 0.6 0.8 1.0 U/ Un meris

> 9 pattorn layer region
logarithmic distribution

128mm
E

Figure 4: e,

125mm
w——

Computed and measured 0.10mds

2D-flow field 12 mm from T
the flume bottom and limits , l
of the spreading turbidity
current a) 5 and b) 10 s sy
after the opening of the
gate; numerical simulation: ey
black wvelocity  wvectors,
turbidity current as a grey
surface; physical modet:
white velocity vectors, limits

of the turbidity current as a
bold line. al 5s \ b) 10s

5. Conclusions

Geod experience with the ultrasonic echography for fiow measurement in the laboratory has been
acquired. The characteristics of the UVP instrument make it well adapted to operate in physical scale
models with turbidity currents. The small uitrasonic transducers allow easy handiing and undisturbed
flow monitoring. It is possible to capture precise velocity profiles in very short a time.

Computer simulation has been used to predict the advancing 3D-turbidity current in the laboratory and
validated with experimental results. Based on the numerical simulation, not only general conclusions
can be drawn, but also the precise behaviour of turbidity currents can be predicted.
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Modeling and measurement of muddy debris-flows
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Summary

The physical modelling of a discharge control structure during muddy debris-fiows has fo take into
account the particular shear behaviour of a muddy fluid, governed by the Herschel-Bulkiey law.
Determination of the main flow characteristics was oblained by vertical velocity profile measurements
by means of a U.V.P (Ultrasonic Velocity Profiler). The transducer was mounted on the bottomn of the
channel, in a zone where the muddy fiow is fully developed. The resulls were used o calibrate a
theoretical model based on the principle of maximisation of entropy. An equivalent kinematic viscosity
of the laminar muddy debris-flows was determined in order to calculate head losses. The empirical iaw
obtained experimentally shows that this viscosity varies exponentially with the critical shear stress.

1. Introduction

Heavy rainfall on the catchment area of the Nant of Pissot, situated in the western part of Switzeriand,
produced a debris-fiow during the night of the 13" to the 14" of August 1995, This event displaced
about 50°000 m® of materials that finally accumulated on the alluvial deposition cone. Some 19°000 m?
of vineyards were destroyed, the industrial zone was severely damaged and the national roadway
RN was crossed by the tiow, burying in that way 11 vehicles (Fig. 1). Fortunately, this natural disaster
didn't make any victims.

© RArem I
Lygsaran Gk 5N
Novay - *n

Fig. 1 View of the removal of debris on the BN after the avalanche of August 1953,

After the event of August 1995 several salety structures has been realized, namely two dumping
basins, the first cne with a volume of 20'00C m” at a height of 500 m a.s.i., and the second one with
5000 m*® at a height of 380 m a.s.., connected ty a transition channel. Stightly downstream of the 500
dumping basin, at a height of 456 m a.s.l, tr¢ canal has bsen ecuippad by & discharge control
structure. This device is one of the Key elemens of the concept established for the protection against
debris-fiows. Its function is to divert the debris- »w excesses lateral to the lefi bank in such way that
water fiows and moderate debris-flows st mo. = siraight ahead up to the dumping basin 380. The
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discharge control structure consists of a channel contraction, a 35 m long lateral spillway on the left
bank and a deviating balk wall directing the overflow to the left bank. This innovative device has been

submitted to hydraulic tests on a scaled model [1].

The model, realized on a 1/50 scale, also reproduces a part of the upstream and downstream channel.

Parallel to the physical model tests a study was underfaken concerning the similarity of the model

fluid. The model tests were dedicated in a first stage to the hydraulic behavior of the system as well as

to the simulation of granular debris-flows. In a second stage, the simulation of muddy debris-flows was

petformed, respecting the following order :

= study of the rheological similarity of the fluid model ;

+ optimization of the geometry of the structure ;

» verification of the functionality of the discharge control structure — critical diversion discharge,
diverted ratio — for different properties of the fluid model ;

» study of the behavior of the discharge control structure for different degrees of clogging of the

channel aperture.

2. Modeling of muddy flows

 The muddy debris-flow was simulated by means of a dilution of kaolinite into water. For volumetric
concentrations between 20 and 30 %, the shear behaviour of the fluid is totally different from that of
Newtonian fiuids and follows the Herschel-Bulkley law [2], given by the following expression:

T=7_+K-7" i 720 <7, if =0 (N
To: critical shear stress [Nfrf]

¥ : velocity gradient [s7}

K et n : fluid parameters [-1

The critical shear stress, as well as the fluid parameters, have been obtained by rheological tests, and
a relationship between the critical shear stress and the volumetric concentration of the water-kaolinite

mixiure could be adjusted as represented on Fig. 2:
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Fig.2 Relationship between the critical shear stress and the volurnetric concentration of the water-
kaolinite mixture.

3. Comparison of experimental and theoretical velocity profiles.

The determination.of the main flow characteristics has been obtained by vertical velocity profile
measurements by means of a U.V.P (Ultrasonic Velocity Profiler). The transducer was mounted on the
bottom, in the longitudinal axis of the upstream channel, in a zone where the muddy flow is fully
developed. The UVP X-3-PS instrument functions by direct measurement in the fluid using ultrasonic
waves with Doppler effect [3). The analysis of the echo reflected by the particles that are moving in the
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measurement zone allows to identify velocity and direction of flow as weli as the position of the control
volume. The installation was completed by an ultrasonic level meter intended to measure flow height
simultaneously. The results were used to calibrate a theoretical model based on the principle of
maximisation of entropy [4]. The corresponding velocity profile has the following form:

u(f)m%m;-m[n(e” —1)‘5;%%] )

u longitudinal component of flow velocity vector [nvs]
E: curvilinear co-ordinate of the lines of equal velocily [-]
Umax:  maximum flow velocity [m/s]
M: parameter of entropy [-]
With:
Y Y

= ~expy 1 - s _ {(3)
F=Don P ( D- hJ
D:  flowdepth [m]
h: depth of maximum flow velocity [mj}

In the above equations, D and h are measured values, while M is defined analytically. The parameter
of entropy M has been determined as a fiow constant on one hand, and as varying finearly with the
flow depth on the other cne. The results of the calibration of the theoretical velocity profiles are
represented hereunder {Fig. 3} and show that a best fit is obtained by considering a linear variation of
M with the flow depth. The data was collected for a frequency of 10Hz and a 0.748mm grid spacing
along the axis of the transducer. This axis made an angle of 60° with the channel bottom,
corresponding to one measurement every 0.648mm along the y-axis.
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Fig. 3 Results of the calibration of the theoretical velocity profiles with M as constant
and M varying linearly with the flow depth

This thermodynamic approach has been applied in order to determine an equivalent kinematic
viscosity of the model flow and gives satisfactory results.

4. Hydraulic friction faw for laminar muddy debris-flows

By the fact that all the observed muddy flows were laminar, an equivalent kinematic viscosity of muddy
debris-flows was determined in order to calculate head losses. The empirical law obtained
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experimentally shows that this viscosity varies exponentially with the critical shear stress. The friction
coefficient {, determining head losses, is then expressed by the following relationship (Fig. 4):

45.8

f=— for A <2300 (4)
R
f: friction coefficient of Darcy-Weisbach 5] [-]
A: Reynolds number = Uy Dy /v [-]
u,:  mean velocity based on (2) [m/s]
Dy:  hydraulic diameter [m]
v: equivalent cinematic viscosity of flow [mf/s]
10
\ X
------ = 45.801/He
% Ov:234% : o
t A CviER5% ' =
3 x  Cv:245% :
} X Ovi2a2% '\?\"‘gk s,
® O 22.3% *
4 Ow216% \-I‘n\\‘\i
Q.1 . S
-
G.01
0o 106.0 100Q.0

Reynolds (-}
Fig. 4 Adjustment of the {{R)} relationship over different volumetric concentrations

5. Conclusions

The physical modelling of a discharge control structure during muddy debris-flows took into account
the shear behaviour of a muddy fluid following the Herschel-Bulkley law. The main flow characteristics
were obtained through vertical velocity profile measurements by means of a U.V.P (Ultrasonic Velocity
Profiler). The resulls were used {o calibrate a theoretical model based on the principle of maximisation
of entropy. An equivalent kinematic viscosity of laminar muddy debris-flows was then determined in
order to calculate head losses. The empirical law shows that this viscosity varies exponentially with the
critical shear stress. A friction coefficient f, determining the head losses following the Darcy-Weisbach
equation, could be expressed in function of the Reynolds number of the muddy flow. This finally
allowed the establishment of the “flow depth — discharge” relationship of the muddy flows at different
volumetric concentrations. A reliable and detailed dimensioning of the discharge control structure
could thus be achieved.
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1. Introduction
To understand the fundamental mechanism of two-phase bubbly flows, a great number of

experimental studies have been carried out. There are many measurement techniques for their flow
structure. Quick closing valves is one of the most simple methods to measure average void fraction. To
measure local void fraction, probe techniques and radiation techniques have been used for a long time.
In recent years, a laser Doppler anemometer is widely used to measure void fraction, liquid velocity
and its fluctuation. These methods have made a great contribution in clarifying the macroscopic flow
structure of two-phase flows. However, there still does not exist a measurement technique which can
easily measure the velocity profile around a gas-liquid interface, even though it is necessary to clarify
the flow structure around the bubble surface in order to understand the microscopic mechanism of
bubbly flows. '

The authors have been trying to measure the velocity field in bubbly flows by using the ultrasonic
Doppler-shift method. The measorement instrument, the Ultrasonic Velocity Profile Monitor (UVP),
was originally developed to measure liquid flows. The system can measure an instantaneous velocity
profile along a measuring line by the traveling time of its pulse and Doppler-shift frequency of signals
reflected on micro-particles in liquid (Takeda, 1991). When it is applied to bubbly two-phase flow, the
ultrasonic pulse is reflected on both micro-particles in liquid phase and gas-liquid interfaces.

The UVP was used to measure air-water bubbly upward flows in rectangular channels. Void
fraction was less than 2 %, since it was hard to measure bubbly flows in high void fraction, which can
easily induce multiple reflection on bubble surfaces. Measurement was carried out 9 times at each
measurement condition, and more than 9000 velocity profiles were recorded. From the measured
instantaneous velocity profiles, the position of the bubble surface was decided and the data was
rearranged according to the distance from the bubble surface. In this paper, the data analysis method
will be explained after describing the experimental equipment. Then, the velocity distribution around
bubbles and the effect of channe! width on the flow structure will be discussed.
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2. Experimental Apparatus
The schematic diagram of the experimental apparatus is shown mn Fig.1, which consists of a water

circulation system, an air supply system, a test section and a measurement system. Working fluids are
air and water. Micro particles (ca. 10pm diameter) of nylon powder were mixed in the water as
reflector of ultrasonic pulses. Specific gravity of the powder is 1.02, and it can be said that tracer
particles follow the liquid flow well.

Water flowed upward into the test section from the lower entrance of the test section. Water flow
rate was controlled by a needle valve and it was measured by an orifice flow meter, both of which
were located at the bottom part of the apparatus. Air was injected into the system through five needles
(inner diameter: 0.1 min) at the air-water mixing section, which were also located at the lower end of
the test section. The air flow rate was regulated by a float flow meter and an air control valve. During
experiments, water temperature was kept between 19 to 21 degree using a pre-cooler and thermo-
couples. Also in parallel to the measurement by the UVP, the pressure drop was measured between
pressure taps installed on the side wall to get average void fraction. All experiments were carried out
under the atmospheric pressure.

Figure 2 shows the test section Jocated between the upper tank and the air-water mixer. Two kinds
of vertical test sections were used, both of which were made of Plexiglas with 10 mm wall thickness.
The longer side length of the rectangular cross section was constant at 100 mm, and the shorter side
length {channel width) was either 10 mm or 20 mm. An ultrasonic transducer was set on the outer
surface with a contact angle of 45 degrees toward the liquid main flow direction. Gap between the
transducer and the wall was filled with ultrasonic jelly to prevent the reflection of ultrasonic pulses on
the wall, Under each experimental condition, measurement was carried out 9 times continuously and
more than 9,000 velocity profiles in the channel were obtained along the measuring line.

The experimental conditions are tabulated in Table 1. Also, the UVP configurations used in this

study were summarized in Table 2.

Table 1 Experimental conditions

Water superficial velocity (10 mm channel width) 0,12 - 0.18 my/s
Air superficial velocity {10 mm channel width) 000235 -~ 000384 m/s
Average void fraction {10-mm channel width) 0.09 - 0.83 %o
Bubble diameter (10 mm channel width) 2.7 - 3.1 mm
Water superficial velocity (20 mm channel width) 0.10 - 0.18 m/s
Alr superficial velocity (20 mm channel width) 0.00349 -  0.00748 my/s
Average void fraction (20 mm channel width) 0.98 - 2.01 %o
Bubble diameter (20 mm channel width) 2.9 — 3.2 mm

Table 2 Specification of the UVP in this study

Basic ultrasonic frequency 4 MHz
Maximum measurable depth 91 - 189 mm
Velocity resolution 5.6 2.8 mm/s
Time resolution 16.4 - 32.8 msec

Spatial resolution in water 0.74 mm
Measurement points 128
Number of profiles 1024

Ultrasonic beam diameter 5 mm
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3. Data Processing method
The UVP system records information about the velocity field as a set of 1,024 instantaneous

velocities at 128 positions. In this study, measurement was carried out nine times continuously under
each flow rate condition. Therefore, 9,216 (1024 x 9) velocity data were obtained at each
measurement position. When the UVP is used to a measurement of bubbly flows, ultrasonic pulses are
reflected on bubble’s surfaces and micro particles in liquid. Therefore, velocity profiles measured by
the UVP include velocities of both liguid phase and bubble’s interface. Since it is not possible to know
which pulse is reflected on a bubble surface at present, distinction of bubble’s interface velocities and
liquid velocities was made vsing the threshold T(x}.

Tix} = Cx Vi(x) (Eq.1)

where the value T{x) is defined as the product of a constant C and the time-averaged velocity Vi(x) of
the hiquid single-phase flow (Fig.3).

According to this manner, 9,216 velocity profiles were divided into two groups, Group (a) and (b).
If a bubble exists on the measuring line when a ultrasonic pulse is emitted from the transducer, the
velocity profile recorded at that moment is selected as Group (b). If bubbles do not exist on the
measuring line, the velocity profile is put into Group (a). By averaging velocities of Group (a), the
time-averaged velocity profile of liquid main flow can be obtained. From the set of Group (b), it is
possible to get velocity profiles around bubble surface if the relative coordinate is adopted whose
origin is set on the bubble’s surface.
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Figure 4 shows the time-averaged liquid phase velocity profile obtained from Group (2). When the
threshold is set larger, a small amount of instantaneous velocity profile is transferred to Group (b) and
as a result, the mean velocity of Group (a) increases and an appropriate threshold can not be decided
from this result.

In the previous research, our group developed a velocity measurement sysiem for bubbly flows
with the UVP (Aritomi et al., 1996, 1997 and Zhou et al., 1998). In Fig.4, time-averaged liguid phase
velocity profile obtained using the system is plotted by open circles. The velocity profile has a good
correlation with the mean velocity distribution of Group (a) if the constant C is set between 1.5 to 2.2

according to the liquid flow rate.

4. Results and Discussion
In Fig.5, normalized relative velocity distributions around bubbles for both 10 and 20 mm channel

width are shown. Relative velocity of gas and local liquid velocity is normalized by that at the
bubble’s surface. Recently, Suzuki et al.(1999) has reported the velocity distribution around bubbles in
upward bubbly flow for 10 mm channel width. According to their report, the flow structure around
bubbles could be divided into three regions (Fig.5(a)). For 20 mm channe! width, the same trend was
.observed (Fig.5(b)). Relative velocity has large gradient near bubbles and it becomes almost constant
in the region more than 9 mm away from a bubble. The region with large velocity gradient was named
the ‘boundary region’. The area, where the velocity is relatively uniform, was called the “main flow
region’, and the area between the ‘boundary region” and the “main flow region’ was called the ‘buffer
region’. As seen in Fig.5, thickmess of the boundary layer did not change according to the
configuration of the test section. Since the flow is dominated by the relative velocity of gas and local
liquid velocity in the boundary region, thickness of the region does not change even if the test section
is widened. On the other hand, distance from the bubble surface to the main flow region is broadened
when the test section's width is doubled. In the experiments in the channe! of 20 mm width, relative
velocity tended to decrease in the region more than 20 mm away from a bubble. This tendency would
be considered the effect of the wall existence.
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1. Introduction

Measurement of an instantaneous velocity profile of the turbulent flow has long
been demanded in fluid dynamics, fluid engineering and other engineering fields
involving a fluid flow. Various flow visualization techniques have been used for
measurement of flow characteristics and sophisticated image processing procedures
such as Particle Image Velocimetry (PIV) or Particle Tracking Velocimetry (PTV) are
now available. They require, however, experienced know-how for successful
measurement and data treatment, and are still expensive and time costuming for
measurement. Ultrasonic Velocity Profile (UVP) method has been developed by
Takeda at Paul Scherrer Institut in Switzerland [1]. It utilizes a pulsed echo-graphic
technique of ultrasound and can measure a velocity profile on a measuring hne
instantaneously. Since the spatial information of the flow field is obtained from its
traveling time, this method has various advantages over other flow measuring
methods for measurement. :

Although UVP method can be adapted for various liquid flow velocity
measurements, it is necessary for the measurement of turbulent flow to consider the
effect of measuring control volume. That is, UVP method has large measuring control
volume compared with other conventional methods. Even for LDA measurement of
turbulent flow, there have still been several attempts described in literature to obtain
the influence of the effective volume size. Therefore, the effective volume size of UVP
method for velocity profile measurement on the turbulent pipe flow was studied in the
work.

Reynolds stress measurement on the turbulent pipe flow using one-component
measurement is available [2][3]. Considering the effective volume size, the Reynolds

stress was investigated by mean of UVP method.

2. Effect of control volume and Reynolds stress measurements

2.1 Mean velocity
The principle of UVP is to detect and process the echoes of ultrasonic pulses reflected

by micro-particles crossing the measuring control volume. If the control volume was
negligibly small the mean velocity U would be obtained by

N
Ux) = > Ulx.t) - (1)

where x, the position of the measuring control volume. However, the measuring
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control volume is of a finite size and also velocity gradients exist across it.
Thus, considering the UVP measuring control volume and measurement period,

< Unys | >= mLfomC,dedt @
¢ Vmm tg, J Jy

where, Vm is the measuring control volume T,is measurement period. It is well
known that an error in turbulence measurements is induced specially in region of high

velocity gradients.
For the UVP method, the control volume is disk shape of the height h and diameter

D. 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

2
Ue, = Uly,) + E»G(i——g—) + h.ot. (3)
: 2 v} .. '

3 a2 3 . z :
G- h i +?_thsm 8+—R~nsin384~hRKS;ne h + " Rsin o
- 112cos” @6 3 cos O 8 S8cos” 0 cos 6 2

where, y 1s direction of radius (distance from the wall) and R is /2.

2.2 Reynolds stress

In the present study measurements
were carried out for the Reynolds
stress uv. To estimate these
quantities using UVP method it
requires independent measurements
of the u and v-velocity components
and also at angle o and -B with
respect to the x-axis. It is often
common practice to set o and -B.
Using coordinate transformations,
the instantaneous signals can be
expressed in term of the velocity
components (Fig.1).

U=U+u 4)
V=Va+v (5)
§=ﬁcosa+vsinu (6)

And the fluctuating signals in the

fluctuating velocity components on
two measuring lines are:

Control volume

g, =V-cos @+ u-sin & N y
q, =v-cosB-u-sinp (8 :}
With the prior knowledge of the u

and v-velocity components, and if

a=p,  the foliowing expressions Fig.1 Control volume arrangements for
provide the Reynolds stress Tv. measuring the Reynolds stress

R .’_—2” - —? 134 - 2

v = 4, -9 _ 49,-49, 9

2sin 2a - 2 sin 2¢

where, q = standard deviation of the measuring line direction.
It should be notes that the above-described method is applicable only for steady flows.



3. Experimental set-up

A schematic diagram of the experimental apparatus employed in this study, is
shown in Fig.Z. Both water upward and downward flows can be investigated in the
apparatus, which consists of a water circulation system, an air supply system, a test
section and a measurement system. An air supply system is used for the two-phase
flow and is composed of an air compressor, an air regulator for controlled to presser, an
laminar flowmeter, and an air-water mixing section including injected needles (inner
diameter: 0.1mm). In the present study, the downward flow for a single-phase
turbulent pipe flow is studied. The water is contained in a storage tank, and is
pumped up to an overflow tank by a centrifugal pump. Then it is fed into the test
section through the contraction under a constant pressure. Flow rate is controlled by a
needle valve and is monitored by two orifice flowmeters, one is used for Re<8000 and
other one for Re=8000. They are located downstream of the test section. During the
experiments, water temperature 1s kept about 20 degrees using a sub-cooler. The flow
measuring system consists of the UVP monitor (X-3 PS-i model) and a personal
computer which records the flow rate and temperature data. Setting parameters of
UVP measurement in present experiments are shown in Tablel.

The test pipe made of Plexiglas of total 6m length is located vertically, and it is inner
diameter is 50mm. The test section is Jocated at 80 pipe inner diameters downstream
of the entrance. Turbulence mixing is promoted by the "Tripping ring" mounted at the
inlet pipe and thus to reduce the length required for fully developed turbulent flow.

The test section is shown in Fig.3. The UVP transducer is set on the surface of outer

wall with a contact angle of 8 degrees perpendicudar to the flow direction. Wall
thickness of pipe in this section is Imm, because permeability of the ultrasonic beams
are good. The test section is set in an aquarium filled with water to get easy and firm
coupling between the wall and transducer. As a reflector material, nylon powder is
suspended in water about 0.0058%vol which has a median diameter of about 80 um.

Tablel Parameters of UVP measurement

1 Storage tank ) Basic ultrasonic frequency 4MHz
2. Centrifagal pump Maximum measurable depth 586mm
2: g;gﬁe"faﬁzgk Velocity resolution 0.46mm/sec
5. Orifice flowmeters Time resolution 147msec
g- I{’l‘:s“r? semsor. Spatial resolution 0.37mm
8. A§~mﬁp§gss§r o Mesasurement point 128
9. Air-regulator Number of profiles 20000
10. Laminar flowmeter Ultrasonic beam diameter 2.5mm

11. Air.water mixer
12. UVP monitor J

\
@

Coupling water

11 e T

Fig.2 Schematic diagram of
experimental apparatus Fig.3 Test section
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4. Experimental results

The error induced by the effect of measuring control volume is shown in Fig 4,
which are based on the Direct Numerical Simulation [4]. Due to the error, depend on a
curvature of velocity gradient, there are slightly different in the buffer region of Y*>30
and Y'<2. In region of 2<Y'<30, there are observed obvious deviation (max 5% at @
=15%, and are increased with increase of 8. Further, the measuring control volume is
crossed into the wall in the extremely near wall region. Therefore, nearest measuring
point from the wall is Y™3.6 at 8 =15°. Measured mean velocity distribution in the
present experiment at Re=5300 is shown in Fig.5. This velocity profile is sufficiently
practical in Y>30 region. However, in Y'<3.6 region is not accurately due to various
effects as mentioned above and diffusion of ultrasonic pulse reflection from the wall
and the error in 3.6<Y*<30 region is included by the effect of control volume.

The Reynolds shear stress profile over the pipe radius along with the data of DNS is
shown in Fig.6. The present results are slightly smaller than those of DNS data in the
region of 0.2 < r/R <1.0 and show a different near-wall profile.
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LINTRODUCTION

A flow over the rotating plate is often studied to understand the mstability mechanisms present in a
three-dimensional boundary layer. This configuration can realize a wide range of Reynolds number so
that many investigations have been also reported about laminar-turbulent transition!' ! On the other
hand, it 1s well known that a flow structure over the heated rotating disk is affected with the natural
convection and centrifugal force of rotation plate. However, in this flow field, there is three-
dimensional boundary laver as mentioned above so that it is difficult to clarify the mechanism in
quantitatively. Especially. Ogino et al.”’ showed the vortex structure when the free convection govern
the flow field. To clarify the relation between the free convection and a flow by centrifugal forced, it is
necessary to measure a velocity profile over a flow field.

In this investigation, we measured velocity field on a heated rotating disk with attention to the three-
dimensional boundary laver. Especially, we discuss about a relation between a radial flow by

centrifugal force and an axial flow by natural convection,

Z.EXPERIMENTAL EQUIPMENT AND METHOD

Experimental equipment is shown in Fig.i. The rotating plate with heater and thermocouple
integrated(Cu-Co) inside has a diameter of 170mm and made of copper. The heater (200V-20A) was
fixed by an adhesive with high thermal conductivity onto the copper and covered by thin insulation.
The heater was connected with the transformer through the shp ring as shown in Fig.2. Rotational unit
was connected with the moter by a rubber belt and maximum rotation speed is 200mpm.
- The UVP monitor used in this experiment is model X3-PS, and a basic frequency of transducer is

4MHz. A Nylon powder (a diameter of 50 # m, density is 1.02) was used as a tracer. The schematic of
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the measuring line is shown in Fig.3. The transducer was set to measure three components of velocity
(circular, radius, and axis direction) to clarify the three-dimensicnal structure. The control parameter
of a flow is Re= 2/ »(where £2 is a angular velocity. r is distance from center of the disk and v isa
Kinematic viscosity) as rotation and Gr=d'g 51 #-1)/ v~ @ natural convection {where 0 is a

temperature of the surface of the disk and 7 1s a temperature of a water.  is a diameter of the disk).

3.RESULTS AND DISCUSSION

A mean velocity profiles of v,-component are shown in Fig.4(a)-(c). Rotating speed is 50rpm and
Re=0 to 3.1>10%. A difference of temperature are {2)0°C. (0120C (Gr=596X10%, and (cM0°C
(Gr=2.14 % ]0%). This velocity component is generated by the centrifugal force of rotating plate and
velocity component is clearly decreased due to free convection generated by temperature pradient.
When the rotation speed is 50rpm and difference of temperature is 20 degree, the velocity component
of centrifugal force can be observed at Smm upward from the surface of the plate, however it can not
be observed above this region. When a difference of temperature is 40 degree, velocity component can
be observed only at Imm from the surface. In a case of fast angular velocity,.v;componem can be
observed at the upper region of surface of the plate. As a result, it can be considered that the radial

direction is controlled by Reynolds number more than Grashof number at where Reynolds number is

large (r is large).

Those results clearly show that natural convection affects to a velocity component of centrifugal
force largely. We will measure velocity component of circular and axial direction for various rotation
speed and a difference of temperature and will clarify the structure of three-dimensional boundary

layer and relation between free convection(Gr) and flow of rotation plate(Re).
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