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Abstract

This work aims to extend the application of a commercial Doppler ultrasound velocimetry DOP2000 (Model 2030, signal processing
S.A.) to multiphase systems. We firstly make a correction to the determination of Doppler angle and measuring location taking into account
the ultrasound refraction and the ultrasound velocity difference in different medias, and then investigate the measurement of the solid
concentration in a liquid—solid system and the bubble behavior in a gas—liquid system with low gas holdup. The experimental results show
that the attenuation coefficient increases monotonously. A model based on the ultrasound reflection and refraction law is proposed to predict
the received echo energy in homogeneous liquid—solid system. Furthermore, the signal response of bubbles is also discussed. By placing
the probe in the direction of the flow, the difficulty of determining Doppler angle is avoided and the liquid and bubble rise velocities are
simultaneously obtained.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [19]. For better understanding of the multiphase flow, the
local solid concentration and bubble parameters rather than
Multiphase flow reactors have been widely used in en- spatial averaged values are needed. Computational fluid
vironmental, chemical and biochemical processes in lastdynamics (CFDs) has been extensively investigated in mul-
decaded6-8]. Although multiphase reactors are success- tiphase flow simulation in the last two decades, while most
fully and widely used in commercial industrial operations, of the models available for closure of the governing equa-
much remains to be done due to the complexity of the tions need the relative velocity between phases to model
multiphase flow. In order to gain fundamental knowledge drag and non-drag force8]. This relative velocity is
about the complex multiphase flow behavior, research is still limited in literature due to the difficulty of velocity mea-
needed, and experimental work is obviously necessary. Mea-surements in multiphase flow. Typically, the gas phase is
surement technique is very important in the study and designmeasured and the relative velocity is determined through a
of multiphase systems and much work has been carried outdrift flux correlation. Therefore, development of measuring
in this field, but it is still a challenging research figtg21]. the phase velocity simultaneously is a valuable work.
Quantities needed to be measured in fluidized beds in- Extensive investigations have been carried out in devel-
clude local solid concentration, particle velocities, gas oping measurement technique for multiphase fl¢&y40],
holdup, bubble behavior, liquid velocity, and their radial but there is still a great gap between the development and
and axial profiles inside the systd@i]. The solid distribu- the requirement. Most measuring techniques reported in the
tion within the reactor greatly affects its performart8]. literature are limited to single parameter measurement, for
Therefore the degree of dispersion of the solid (catalyst) in example, referendél 1] used a electrical conductivity probe
the reactor must be understood and controlled for the opti- to measure the solid concentration in the liquid—solid sys-
mum design and operation of gas—liquid—solid three-phasetem. Yang et al. (1999P4] used electrolyte tracer method
reactors. The bubble behavior, one of the most important pa-to measure the local liquid velocity in a three-phase circu-
rameters for the reactor simulation and design, is related tolating fluidized bed (TPCFB$)L7], used a hot wire probe to
the phase holdup, interphase drag and mass transfer behavioneasure the local liquid velocity in the riser of an external
loop airlift reactor{19,20], used a optic probe to measure the
mpondmg author. Tels86-10-62785464: local gas holdup and bubble behavior_in TPCFBs, Vassallo
fax: +86-10-62772051. et al. (1999) used laser Doppler velocity (LDV) to measure
E-mail addresswangjf@flotu.org (J. Wang). the liquid and gas velocity, and Mudde et[4R] reported on
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Nomenclature

ultrasound velocity

distance from the sensor surface to the wall
distance from the measuring volume to the wa
by Eq. (13)

distance from the measuring volume to the wa
by Eg. (12)

time span for receiving a emission

thickness of the wall

Doppler frequency

frequency of the emitted ultrasound

frequency of the ultrasound perceived by a
moving particle

frequency of the received ultrasound

unit vector in the axial direction

unit vector in the radial direction

unit vector in the tangent direction

backscatter coefficient

model parameterg,= 1,2, 3,4

path length

time increment between the emission and
receiving

velocity vector of the particle

projection of the particle velocity in the directio
of the ultrasound beam

mean velocity in direction

fluctuating velocity ini direction

fluctuating velocity inj direction

fluctuating velocity ink direction

acoustic impedance

Greek letters

o sensor placing angle (iRig. 2) or attenuation
coefficient

B angle of ultrasound beam in the wall (fig. 2)

g  particle concentration

0 Doppler angle

¥ angle between the particle velocity and the axi

Subscripts

C coupling media

e emission

I liquid

p particle

r receiving

w  wall

as a non-intrusive and non-invasive measurement method
due to its attractive advantages over the conventional tech-
niques: (a) an efficient flow mapping process, (b) applicabil-
ity to opaque systems and (c) a record of the spatiotemporal
velocity [15]. Takedg15] discussed the ultrasonic Doppler
method for velocity profile measurement in fluid dynamics
and fluid engineering. Soong et §.3] measured the solid
concentration in a slurry column; they developed an ultra-
sonic transmission technique to measure the solid concen-
tration in a gas-liquid—solid bubble column reactor. Their
results showed that the transit time could be correlated to
the solid concentration, however their method could only
measured the average solid concentration between the trans-
mitter and the receiver. Carlson and Grenbdigproposed
a method to measure the solid concentration in a multiphase
flow with pulsed ultrasound based on the changes of the re-
ceived energy slope. They used two small receivers and cor-
related the solid concentration to the average energy ratio
received by the two receivers, and found a linear relation-
ship within the solid mass fraction range 3-15%. But for
the concentrations below 3%, their method could not give
accurate results. Broring et §2] and Camarasa et dB]
used the ultrasound Doppler technique to measure the bub-
ble rise velocity, whereas the determination of the Doppler
angle was questionable. Stolojanu and PraKagh inves-
tigated the feasibility of measuring concentrations of solids
and bubbles in two- and three-phase systems. Their results
show that in liquid—solid system both transmission time and
amplitude ratio varies systemically with solid concentration.
In presence of gas bubbles the variation of transmission time
is not very regular while the relationship between attenua-
tion of sound and phase holdups remain systematic.

Generally, two configurations are used in the literature,
namely pitch-and-catch and pulse-echo configuratiahs
In the investigations reviewed above, all the reported mea-
surements of the phase holdup adopted the pitch-and-catch
configuration and plug-in manner, while the pulse-echo
which can be used in a non-intrusive manner, is mainly lim-
ited to the velocity measurement. So development of mea-
suring methods for the phase holdup and the phase velocity
simultaneously with a pulse-echo ultrasound sensor is a
valuable work. Commercial Doppler ultrasound velocimetry
is available, but it only provides limited function of measur-
ing particle velocity in a liquid—solid system. If the particle
size is small enough, this velocity can be considered as the
liquid velocity. A commercial device Doppler ultrasound
velocimetry DOP2000 is used in our investigation.

This work aims to extend its application to multiphase
flows, developing ultrasound methods to measure the solid

laser Doppler anemometer (LDA) experiments of measuring holdup in a liquid—solid system non-intrusively and to

the liquid velocity field in a bubble column. Among these measure the liquid and bubble velocities simultaneously in
methods, electrolyte tracer method needs hundreds of tracegas—liquid system. Our investigation shows that the attenu-
pulses and vast data acquisition, optic probe and hot wire areation coefficient of the received echo energy monotonously
very fragile and need careful calibration, and LDV is expen- increases with the increase of solid concentration, pro-
sive and only feasible in case of low solid and gas holdup. In viding a method to measure the solid concentration. A
recent years, ultrasound technique has drawn much attentiormodel based on the ultrasound reflection and refraction law
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predicts the received echo energy in a good agreement with ] —
the experimental results. To measure the bubble behavior
in gas-liquid or gas—liquid—solid system, it is commended
to place the sensor probe in the flow direction in order to
avoid the difficulty of determination of the Doppler angle.
This work shows that the ultrasound Doppler velocimetry
has powerful potential for mapping the flow field and phase
structure in multiphase flow.

F 3
o W 2
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di
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2. Algorithm and modeling

o Fig. 2. Determination of the measuring location taking into account the
2.1. Principle of Doppler ultrasound method ultrasound refraction and ultrasound velocity difference.

DOP2000 measures the particle velocity using the
Doppler effect. When the ultrasound probe emits an ul- Ultrasound beam, not the angleoetween the probe and the
trasound beam, the moving particles scatter the ultrasoundc0lumn wall, as shown iffrig. 2. The relationship between
wave. Partial backscattered ultrasound is then received by the* @1dé can be determined based on the ultrasound refrac-
same sensor probe. The movement of the particle subjectdion law. Similar to the light refraction law, the following
the received ultrasound to a frequency shift proportional to tWe equations hold for the refraction at the outside and the
the particle velocity, as shown iRig. 1 The frequency of  Inside interface of the wall, respectively,

the ultrasound perceived by the moving particles is Cc _ COsu 4)
Jfelup|cosd cw  COSp
fo=fe— =2 (1)
¢ cw _ COSf 5)
and the frequency of the ultrasound received by the station- ¢,  cosf
ary sensor probe is Combination ofEgs. (4) and (5yields
C
= - 2
fr=27 |u|o|cos«9fp @ o= Dcosa (6)
Cc

Combination ofEgs. (1) and (2jand considering thatip where the ultrasound velocityand the sensor placing an-

Is usually much less thamyields gle @ can be measured. Therefore, the Doppler angle can
2 felup|cost 3) be determined by¥Eq. (6) The coupling media we used is
c ultragel with ultrasound velocity about 1500 m/s, very close

From the received echo signal the Doppler frequency is to that in the water, so when the liquid is water, the differ-

estimated and then the particle velocity is calculated using €Nce betweew andé can be ignored. However, when the
Eq. (3) liquid has an ultrasound velocity quite different from that in

ultragel, take olefin as an example, it is absolutely necessary
to consider the difference between the sensor placing angle
and the Doppler angle.

fo=fe— fi ®

2.2. Determination of Doppler angle

Accurate determination of the Doppler angle is a key .
problem for the Doppler ultrasound velocimetry application. 2-3- Treatment of Doppler angle in turbulent flow
It should be pointed out that the Doppler anglekq. (3)

refers to the ang|6 between the partic|e Ve|ocity and the In alaminar ﬂOW, the tracer particle velocities remain con-
stant both in amplitude and in direction, so the Doppler angle

is invariant and easy to determine By. (6) While in a tur-

bulent flow, the turbulence makes the instantaneous Doppler
angle time-dependent and almost impossible to determine.
Here we make some discussions about the time-averaged

s L == Doppler angle. For a fully developed turbulent flow in a ver-
\@ up tical tube, the instantaneous velocity can be denoted by
Up

up = (& + u)i + v'j + w'k (7

whereu’, v/, andw’ are the fluctuating velocity in the direc-
Fig. 1. Doppler effect caused by the moving particle. tionsi, j, andk, respectively. Only the projection af in the
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Fig. 4. Determination of the measuring location without taking into ac-
counts the ultrasound refraction and ultrasound velocity difference.

Fig. 3. Projection of the instantaneous particle velocity in the direction
of the ultrasound beam.

direction of the ultrasound beamyq influences the Doppler

frequency. Referring tig. 3 upg and can be determined by  Therefore, the commercial software calculates the location

lpd = u COSO + vSiNg = |up|cosH — V) (8) of the measuring volumd incorrectly asd'”:

/ 1 P
and the average Doppler frequency follows: &' =doc+dw+di = 50 Atisina (12)

_ 2feilpd 2 feil COSO However,Eq. (8)provides the time informationt;. Substi-
d= = ) tuting At; into Eq. (7)yields

Cc

Eqg. (9) shows that the fluctuating velocities jrandk di- d=de+dy+d =dec+dy

rections have no influence on the time-averaged Doppler d de W

frequency; therefore the average axial velocity can be cal- — — — - ¢ sing (13)
q Y g Yy cSine  c¢cSinae cwSIng

culated by replacing the time-dependent Doppler frequency
by time-averaged Doppler frequency. This can be realized Thus, the correct measuring location can be obtained by

by averaging enough velocity profiles. modifying the DOP2000 calculated value througgd. (13)
Fig. 5 demonstrates the difference between the measuring

fying Eqg. (13) The difference between the two values is de-
DOP2000 is a non-intrusive device and the probe is fixed Pendent on the ultrasound velocities in the coupling media,
onto the Plexiglas tube with a coupling media. In this case the wall material and the I|qU|d_. The Ia_rger is the difference
an ultrasound beam passes through media with different ul-2MoNga, e andcy, the larger is the difference betwedn
trasound velocities: the coupling media from the probe to 21dd.
the tube wall, withcg; the tube wall medium, witl,,; and

the liquid flowing in the tube, witle;, as shown irFig. 2 In 20

a pulse-echo ultrasound probe, ultrasound waves are pulsed

continuously. Immediately after emitting a pulse, the sys- X\A\

tem is then switched to the receiving mode. At specific time I o \Qv\

incrementsAt; the echoes backscattered from the particles ~. A\Q

are detected for a time spah@: < Af), i.e. from At; to 15 - ”_”_E‘*S(D_ <Sv<p—o—o—0

At + dt so the measuring volume is a cylindrical slab of ~. \\\;\

diameterd (approximately the same as the probe diameter) E - \o\o \QZ

and heighth = ¢ dr. Referring toFig. 2, the time interval N ~.

At; can be expressed as ~ 10 |—o— calculated by Dop2000 software ™ ~~

ﬂ ety h = dc/sina + dw/sSing + dy/sing (10) —o— modff?ed value by Eq. (13) (c,=1000 ms::)
2 Ce cw q - —2— modified value by Eq. (13) (c,=1500 ms")

In the commercial software provided with the DOP2000 v rlnodlﬁecll value Iby Eq. (|1 3) (CWZIQOOO ”:51)

equipment, the ultrasound refraction at the interface and the %00 1200 1600 2000

ultrasound velocity difference in different media are not con- P

sidered, as shown iRig. 4. The following equation is used ¢, Ms

in the commercial software:
Fig. 5. Comparison between the calculated measuring location by Doppler

ﬂ _ de + dw + d|/ (11) software and byEq. (13)under different ultrasound velocity in the wall
2 ¢sina material ¢c = 1500 m/s,do = 2mm, dy, = 5mm).
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Table 1
_‘ Variations of the ultrasound intensity in processes involved during ultra-
4 5/'6 sound emission and receiving
23 I
1 3 7 Tz = exp(—acsc) (14)
9
11 10 I 4ZcZy
J 2~ tipey (15)
I
Tz = exp(—awsw) (16)
Fig. 6. Processes involved during the ultrasound emission and receiving.
Iy A7\ Zw
L% 2 A7)
I3 Z5+ Zi
I
Notice that the measuring volume has limited dimensions 15 — exp(—ai(e9)s1) (18)
and the measuring location is associated with the center of /4
the measuring volume, special modification should be made /s _ kos(es) (19)
to the near-wall region, Wunderlich and Bruf28] made Is
detailed discussion on the near-wall effect and proposed a? = exp(—a (es)s1) (20)
modification model. ]6 iz s
2.5. Solid concentration measurement and modeling ; v
Tz = exp(—awsw) (22)
In pulse-echo manner, the received echo energy is mainly L 477
. . . . 110 ctw
influenced by the emission power, the solid concentration 7 =% 7272 221722 (23)
and the distance from the measuring volume to the probe. ,
During the ultrasound emission and receiving, the following 7, = &P(—csc) (24)
processes are involved, as showrFig. 6.
Q) Propaggtion in the coupling medig. be correlated as
(2) Refraction and reflection at the interface of the kye
outside wall. aleg) = ——— (26)
kz -+ Es

(3) Propagation in the wall material.
(4) Refraction and reflection at the interface of the Eg. (26)describes a linear relationship in layrange and an

inside wall. increase with diminishing rate in medium and higtrange.
(5) Propagation in the fluid. This is reasonable taking into account the multiple-particle
(6) Backscattered by the particles. effect.

(7)-(11) Receiving the backscattered ultrasound by the When the solid concentration is very low, each particle
same sensor through processes similar to (1)—(6). backscatters the ultrasound independently, so the backscatter
coefficient should be proportional to the solid concentration.
With the increase of the solid concentration, the backscat-
r}ered ultrasound may be scattered by other particles and
cannot reach the receiver, thus the efficient backscatter has
a gradually reduced increasing rate similaw{es). There-
fore, a correlation with the same form agcs) is used to
describe the dependencekifs) on the solid concentration:

In a homogeneous liquid—solid system, the variations of
the ultrasound intensity in each process are expressed i
Table 1 [1] whereoac, aw andey are the attenuation coeffi-
cients of the coupling media, the wall material and the fluid,
respectively,Z;, Zy, andZ are acoustic impedances, and
kns(es) is the backscatter coefficient, which is dependent on
the solid concentration. IBgs. (15), (17), (21) and (237
is the modifying coefficient of oblique incidence to the nor- K(eg) = k3es
mal case, which is constant when the incident angle is in- ¥ kg + es
variant. Among the parameters involvedkqs. (14)—(24)
only ) andkyps are dependent on the solid concentration.
Therefore, combination oEgs. (14)-(24)yields the rela-

(27)

As aresult, the received ultrasound intensity can be predicted

tionship between the emitted and the received ultrasound /v _ kaes ex (_ kigss| ) 28)
intensity: le  ka—+es ko + es
= Kiegexp(—ateos) (25) |
e 3. Experimental setup
where the correlations &f(ss) anda(es) should be specified.
The experimental results @] show that the attenuation of A schematic diagram of the experimental apparatus is

the suspension in case of ultrasound with several MHz canshown inFig. 7. It can be operated in both gas-liquid and
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Fig. 7. Scheme of the experimental setup.

liquid—solid mode. Tap water and air are used as the lig-
uid and gas phase, respectively. FCC of diametepr60

and density 2460 kg/fis used as the particle phase. In the
gas—liquid mode, air is pumped into the column from the

T. Wang et al./Chemical Engineering Journal 92 (2003) 111-122

used to measure the liquid velocity profile, the solid con-
centration, and the bubble behavior under different liquid
velocity and solid concentration.

4. Results and discussion
4.1. Influence of tracer particle and wall effect

When DOP2000 is used to measure the liquid velocity, it
is necessary to add a certain amount of tracer particles into
the liquid so that the received echo energy is strong enough
to estimate the Doppler frequenéygs. 8 and dlustrate the
influence of the tracer particles on the measured profile of the
liquid velocity and the received echo energy. When no par-
ticles are added into the water, only the impurities contained
in the water backscatter the ultrasound. The signal-to-noise
of the received echo is not strong enough to estimate the
Doppler frequency reliably and incorrect velocities are ob-
tained. The velocity profiles for particle concentration 0.011
and 0.022 kg/l are superposed, indicating that in a certain
range of low particle concentrations the measured velocity is
independent on the particle concentration. The measured ve-
locity profile of particle concentration 0.033 kg/l decreases
slightly, because when the particle concentration exceeds a
certain range, the suspension viscosity increases resulting a
decrease in the liquid circulating velocity decreases. Above
discussion shows that an appropriate amount of the tracer

bottom, distributed by a perforated-plate gas distributor. Due particle should be chosen so that the received echo energy is

to the density difference between the riser and downer, lig-

uid circulation is formed. In the liquid—solid mode, the lig-
uid circulation is driven by the impeller. The liquid velocity

can be adjusted by controlling the gas rate and the impeller

high enough to estimate the Doppler frequency on one hand
and does not change the property of the measured system
on the other hand.

Due to the wall effect, two wall regions with irregular

rotating speed. Doppler ultrasound velocimetry DOP2000 is profile exist, as shown ifigs. 8 and 9In the wall region |,

0.25

©
o 0104

FCC(60um)
— O

005+ —0—0.011kg/L
] —&— 0.022kg/L
0.00 | v— 0.033kg/L
T T T T T T T T T T
5 10 15 20 25 30 35 40 45
d, mm

Fig. 8. Influence of the particle concentration on the velocity profile measurement.
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FCC(60um)
—— O
—0—0.011kg/L

160 — 4 %’
%y % —3— 0.022kg/L

near wall'region I

—v— 0.033kg/L

echo energy (relative value)

d, mm

Fig. 9. Influence of the particle concentration on the received echo energy profile.

saturation generated by the sensor ring effect and multipleis common to obtain a non-zero velocity at the far wall, as
reflection by the wall make the results unreliable. These shown inFig. 11

effects reduce when the tube is large, as showhidgn 10

indicating that measurement in the wall region | is improved 4.2. Liquid velocity measurement

in a larger diameter tube. In the wall region Il, the reflection

by the far wall will influence the velocity profile. As shown DOP2000 is used to measure the velocity radial profile of
in Fig. 11, if the ultrasound beam BC forward-scattered by the laminar and turbulent flow in a vertical tube and the ve-
a particle is reflected by the far interface of the wall, the locity is the mean value of 1000 profiles. Fig. 12 olefin
depth associated to the path ABC is located outside theis used as the fluid. The Reynolds number is about 1600, so
flowing liquid. Imaginary velocity components are added to the flow is laminar. Good agreement is obtained between the
the real velocity profile. The velocity measurement near the experimental results and parabolic fit, as showikim 12

far interface is affected by this phenomenon; therefore, it It can be seen that DOP2000 has high spatial resolution and

0.0
j
A
1
-0.1
| S0 o g —0—0—0 o
“~0—0-—0-—0-0-0-0 00 070 ~ %\
L 024 A /I
Eﬁ DN NN AN N N N v gas holdup
o | : VoV VY v < —4—0.012
g O O——0 o 0—0— : 0—0.018
0.3 - << : —~—0.028
3 N N —v—0.042
——0.057
1 D=100mm ——0.071
: —>—0.088
-0.4 T T T T T T " T ' ) '
0 20 40 60 80 100 120
d, mm

Fig. 10. Measured radial velocity profile in a vertical tube with i.d. 200 mm.
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the received echo energy, in accordance with the result of
[22]. The monotonous variation of the attenuation coeffi-
cient can be used to measure the solid concentration with a
A calibration curve. It is advantageous that the attenuation co-
efficient is only influenced by the solid concentration, thus
a calibration curve can be used for the same liquid—solid
system despite different emission power and contact status.
) The received echo energy profile in homogenous liquid—
E e e e e solid system consists of three regions, the near sensor region
(NSR), the exponential attenuation region (EAR), and out-
side the far wall region (OFWR). NSR includes the coupling
media, the tube wall and a small part of the flow region,
with irregular profile due to the wall effect. EAR reflects the
accuracy. IrFig. 8 water is used as the fluid. The Reynolds attenuation characteristic of the suspension, which in turn
number is about 4500 and the flow is turbulent. The exper- Corresponds to the solid Concentra[i(ﬁig. 14 shows the
imental results indicate a typical turbulent velocity profile.  |ogarithmic attenuation of the received echo energy under
different solid concentrations. For homogenous liquid—solid
4.3. Measuring solid concentration in system, the lines ifig. 14are linear with the absolute value
liquid—solid system of the slop increasing with the increase the solid concentra-
tion. For a system with non-uniform radial profile of the solid
Experiments are carried out with solid concentration from concentration, the plug-in manner may be a good choice
0 to 0.045 kg/I Fig. 13shows the received echo energy pro- t0 get accurate results in the near-wall region, as shown in
files under different solid concentration. With the increase of Fig. 15 The ultrasound probe can detect the solid concen-
the solid concentration, the amplitude of the received echo tration with a depth up to several centimeters even in a high
energy increases and then decreases, while the attenuatioﬁO“d concentration. Therefore, the disturbance of the probe
coefficient increases monotonously, in accordance with the to the flow field is neglectable. The predictions by the de-
results of results 0f9,25]. With the increase of the par- Vveloped model are compared to the experimental results, as
ticle concentration in the suspension, both the backscattershown inFig. 16 Good agreement between the predictions
coefficient and the attenuation coefficient increases with a and the experimental results is obtained.
gradually decreased rate. In low particle solid concentra-
tion range, the increase of the backscatter coefficient is the4.4. Measuring bubble behavior in gas-liquid system
dominant factor, while the increase of the attenuation coef-
ficient becomes dominant when the solid concentration ex- Compared to the liquid—solid system, the gas—liquid and
ceeds a certain value, resulting in maximum amplitude of gas—liquid—solid systems are much more complex. The

k= R o

B

Fig. 11. Wall reflection effect to the velocity profile near the far wall.

0.16
| —O— experimental data
012 e parabolic fit
)
£
=
>
=0
()
=
()
o
=
Q
@

d, mm

Fig. 12. Measured radial velocity profile and received echo energy of laminar flow in a vertical tube.
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Fig. 13. Radial profiles of the received echo energy in homogenous liquid—solid system under different solid concentrations.

Fig. 15. Placing the ultrasound sensor to diminish the difficulties of

echo energy

100

—_
(=]
|

2200mIH,0

FCC, kg
0
0.025
0.05
0.10
0.15
0.25
0.30
0.40

evAeqHPon

55 60

d, mm

Fig. 14. Radial profiles of the logarithmic received echo energy in EAR.

determining the Doppler angle.

I

bubble movement and coalescence-breakup behavior induce
turbulent fluctuation to the flow field both in amplitude and

in direction. The complexity of the ultrasound reflection at
the bubble interface makes the signal rather difficult to deal
with. Placing the probe inside the column in the flow direc-
tion is a good choice for such systems, as showrign 15

In such a case, the measured velocity by DOP2000 is di-
rectly the velocity projection in the flow direction; therefore
the difficulty of determining the Doppler angle is voided.
Considering the axial profile in a scale of several centime-
ters can be regarded as uniform, the measured axial profiles
can be used to determine the flow field of one position by
signal distinguishing and statistics. The flow parameters
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Fig. 16. Comparison of model predictions and experimental results of the received echo energy under different solid concentrations.
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Fig. 17. Bubble measurement in gas-liquid system by placing the ultrasound sensor in the flow direction.
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include gas holdup, liquid velocity, bubble size, and bubble e Further investigation is needed for the liquid—solid system
rise velocity.Fig. 17shows several sequent profiles display-  with non-uniform solid holdup and gas-liquid system with
ing the bubble signal evolution. With the bubble rising up, high bubble numbers.

the distance from the bubble to the sensor surface decreases

linearly with time elapsing. The bubble rise velocity can be
determined in two ways: one way is to average the rise ve-
locities of t[he Sa.me bubble measwed in different time, the [1] R.C. Asher, Ultrasonic Sensors for Chemical and Process Plant,
other way is to divide the bubble displacement between two Institute of Physics Publications, London, 1997.

sequent profiles by the time interval, and then average the [2] s. Broring, J. Fischer, T. Korte, S. Solinger, A. Libbert, Flow
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