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Circular plunging jets were studied by both void fraction and acoustic techniques. There
were two aims: to measure the structure of the jet flow and its regimes as a function of jet
speed and free-jet length; and to develop and validate the acoustic measurement tech-
nigue in the developing flow. Void fractions and bubble count rates were measured in the
R. Manasseh d(_aveloping '_shear layer of a Igrge-_size_ plunging@{:ZS mm). The da_ta comparec_i well _
with a solution of an advective diffusion equation and showed an increased air entrain-
ment rate with increasing free-jet length foy /d,<12. The acoustic data were processed

by a novel technique to extract both bubble count and bubble size data. Three plunging jet
flow regimes were noted. Near inception, acoustic pulses are isolated and indicate indi-
vidual bubble entrainment as observable visually. Above a characteristic jet velocity, the
number of the bubble pulses increases sharply although bubbles are still produced inter-
mittently. At higher velocities, bubble production becomes quasi-continuous. The study
suggests that an acoustic technique calibrated through detailed laboratory measurements
can provide useful, absolute data in high-void fraction flows. The robust acoustic sensor
can then be used in hostile industrial or environmental flows where more delicate instru-
ments are impractical[DOI: 10.1115/1.15956722
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Introduction are high or bubbles form a fine cloufll5]. The present work

Plunging jet entrainment is a highly efficient mechanism fc)takes furt_hgr steps towards an acoustic signature technique for
; S . oo ; haracterizing the performance of a bubbly flow system with large

pr_oducmg large gas-llqwd_ interfacial areas. Applications inclu oid fractions in which both acoustics and intrusive properties of

minerals-processing flotation cells, waste-water treatment, Oxé('bubbly shear flow are accurately documented.

genation of mammalian-cell bioreactors, riverine re-oxygenation

weirs and the understanding of plunging ocean breakérs3|.

While detailed air-water flow measurements were conducted in a

two-dimensional plunging jef4—6], most studies of air entrain- Experimental Apparatus and Methods

ment processes at circular plunging jets have been qualitativ

(Table 1,[2.7.8). It is understood that plunging jet entrainmen ®rhe experimental apparat(Big. 1) consisted of a fresh water

tak | hen the iet i  velocit d itical vel ircular jet issuing from a 0.025 m diameter nozzle. The receiving
aKes place when the jet impact velocity exceeds a cnitical VEIotr,nne was 0.3 m wide and 1.8 m deep with glass side walls 10

ity, [9.'10].' For Ia_rger i‘?‘ velocities, thg develpping region oty m thick. The nozzle was made of aluminum with a 1/2.16 con-

plunging jet flow is subjected to strong interactions between the, ion ratio designed with an elliptical profile. Upstream of the

entrained air bubbles and the momentum transfer mechanls,qazﬂe’ water was supplied by a straight circular pipe&54 m

[11]. o ) o internal diameter, 3.5 m longThe jet and pipe were vertical to
While intrusive probe measuremetiésg., conductivity and op- ithin +0.5 deg. The water suppljrisbane tap watgmwas pro-

tical probes that pierce the bubblgive local flow properties in- vided by a constant-head tank with a water level about 12.9 m

cluding void fraction and bubble count rate, the acoustic technigggove the nozzle. The apparatus provided nozzle velocities be-

may provide useful information on the bubble size distributionween 0.3 and 7 m/s. Further information were presented by Ma-

the onset of bubble entrainment and the entrainment regimgsseh and Chans$h6].

Bubbles generate sounds upon formation and deformation, ) . ) .

[12,13, that are responsible for most of the noise created by alnstrumentation. The discharge was measured with an ori-

plunging jet. Most underwater acoustic sensors are made frdig€ meter (British Standards desigrealibrated on-site with a

robust piezoelectric crystals and a key advantage is their robuglume-per-time technique. The error on the discharge measure-

ness for use in the field and in hostile environments. ment was less than 1%. o
This study is based upon a comparison of conductivity probeA” measurements were taken on the jet diameter through the

and acoustic measurements in the developing flow region ofcgnterline. The displacement of the probes in the flow direction
large plunging jet system. Although the present acoustic techni %d in the direction normal to the jet centerline was controlled by

- : : o e adjustment travelling mechanisms and measured with two

was originally calibrated against precision laboratory photograp g .
of Tapdy produad bbbigadl compasons i nswe s Scheevtz Mehares Flus MRUGL2 and R 3o e
measurement techniques are limited. Furthermore, there are SEHE P > POS . o :
n the free-falling jet, clear water jet velocities and turbulent

ous questions in interpreting acoustic signals when void fractlo\r}alocity fluctuations were measured using a Prandtl-Pitot tdbe

Commibuted by the Fluids Endineering Division f biication in oA ameter 3.3 mrand a conical hot-film probe system. The Prandtl-
ontributed by the Fluids Engineering Division for publication in NAL ; ;

OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering DivisionPItOt tube was connecteq _tO a Va“d.yne pressure transducer
Oct. 16, 2001; revised manuscript received Mar. 10, 2003. Associate Editor: 8¢anned at 500 Hz. The miniature hot-film praBantec 55R42,

Mondy. 0.3 mm sizé was scanned at 40 kHz. It was initially calibrated
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Table 1 Experimental flow conditions of circular vertical plunging jets. X4 : longitudinal distance between the nozzle and the
free-surface pool; Tuy: jet turbulence intensity at impact; Tu, : turbulent intensity measured at jet nozzle; (—): information not
available; N /a: not applicable.

X1 Vi dy
Ref. Run m m/s m Tu, Comments
(€N @ () 4 ® (6 @)
Lin and 0.020 0.8 t0 2.04 0.002 to — Liquids: water, ail, glycol
Donelly [40] 0.008
Ervine et al.[9] upto5 0.8t0 9 — — d,=0.006 to 0.025 mTu,=0.3 to 8%
McKeogh and — 251033 0.009 — Fig. 6 (Tu,=5%), Fig. 8 Tu,=1%) &
Ervine [29] Fig. 9 (Tu,=1%)
Van de Donk 0.20 4.47 to 10.2 0.0057 — Fig. 3.22 and 3.23
[41]
Detsch and — lto7 — — d,=0.0015 to 0.002 m. Liquids; water,
Sharmd 28] salt water, ethanol, ethylene glycol
solutions
Bonetto and 0.01 53t07.9 0.0051 — Figs. 11, 13, and 16
Lahey[27] and
0.03
Elhammoumi 0.29 3.1and 3.7 0.0073 — Tu,=0.0001 to 0.0028%
[21] & 0.012
Present study d,=0.025 m. Tap watetc=0.055 N/n).
BMO013 0.005 0.52 0.0224 0.012 Onset of air bubble entrainment
BMO08 0.023 0.87 0.0200 0.0098 Onset of air bubble entrainment
BMO09a 0.10 1.58 0.0171 0.0047 Onset of air bubble entrainment
BMO09b 0.20 2.10 0.0145 0.004 Onset of air bubble entrainment
BMO3 0.02 1.27 t0 5.85 N/a N/a Observations of bubble penetration depth
BMO1 0.1 1.68 to 5.01 N/a N/a Observations of bubble penetration depth
BM04 0.2 2.24 t0 5.85 N/a N/a Observations of bubble penetration depth
RM3 0.005 0.94t0 5.0 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5 & 1.5,x—x;,=0.02 &
0.05 m.
RM1 0.02 5.0 — 0.0035 Acoustic measurements. Hydrophone
location:r/d;=0.5 & 1.5,x—x;=0.02 &
0.05 m.
RM12 0.1 1.69 to 4.32 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5,x—x;=0.02 m.
RM20 0.3 4.57 to 4.75 N/a N/a Acoustic measurements. Hydrophone
location:r/d;=0.5,x—x;=0.02 m.
BM31.1 0.005 3.1 0.0249 0.0034 Resistivity probe measurements
BM4 1 0.005 3.9 0.0250 0.0034
BM44 1 0.005 4.4 0.0250 0.0031
BM5_1 0.005 4.96 0.0250 0.0032
BM5 2 0.02 4.99 0.0249 0.0035
BM35_1 0.1 35 0.0239 0.0039
BM4 2 0.1 4.1 0.0242 0.0046
BM44 2 0.1 4.4 0.0243 0.0095
JV5 0.1 5 0.02455 0.0095
JVe 0.1 6 0.0247 —
BM5_3 0.2 4.986323 0.0240 0.0079

with the Pitot tube data and the velocity distribution was checkddP35670A dynamic signal analyzer. Fast Fourier transforms

with the measured flow ratevithin 2%) for jet velocities ranging (FFT9 were taken. Each experimental dataset was subsampled

from 1 to 5 m/s. into 500 sets 15.6 ms long to give a frequency span of 0—-25.6
A single-tip resistivity probe(inner electrode 0.35 mm and kHz. The data were also processed by a bubble-acoustic software

outer electrode 1.42 mnwas used to measure void fraction andstreamTone[17].

bubble count rates in the plunging jet flow. The probe was excited ) ) )

by an air bubble detectdrRef_ A82524@ with a response time EXperlmental Errors. The error on the void fractio€ was

less than 1Qus. Measurements were recorded with a scan rate @$timated asAC/C~3% for C=5% andAC/C~0.5%/C for

5 kHz for 180 s. C=<5%. The minimum detectable bubble chord length is about
Underwater acoustics were measured with a hydropkBrieel 0.3 mm with the resistivity probe and also with the acoustic analy-

and Kjeer type 8108connected to a charge amplifiériel and sis. The accuracy of clear-water velocity was aboutAV/V

Kjeer type 2635 The hydrophone was located |@d;=0.5 and =1%. For the acoustic data, 95% confidence limits were calcu-

Xx—X;=0.02 m for most experimentJable 1, column ¥, wherer lated for the averaged spectrum for each run. At low spe¥(ds (

is the radial distance measured from the jet centertings the jet <2.5m/s whereV; is the jet velocity at impagt the acoustic

diameter at impactx is the longitudinal distance, and is the signal was very intermittent. Although the representativity of

free jet length(Fig. 1(a)). A digital audio tape(DAT) recorder these runs could not be checked, their averaged spectrum ap-

(Sony TCD-D7 digitized the signal at 44.1 kHz, implying an aliaspeared statistically stationary within 500 samples. At higher

frequency of about 22 kHz. The range of jet conditions Causecgﬁeeds, statistical stationarity was easily obtained within 500

difference in acoustic signal power of up to 20 @Bfactor of 10 samples, while the StreamTone software gave an error in repeat-

in amplitudg between experiments. Since all data recorded Qfhjjity of less than 1% on bubble size, which was less than the
tape should have similar magnitudes to avoid distortion or l0ss g6, statistical confidence interval on the mean.

dynamic range, the charge amplification was set for each experi-
ment to deliver optimal recorded quality and corrected for during Experimental Flow Conditions. The flow conditions are
the signal processing. DAT recordings were processed withsammarized in Table 1, showing the flow ragg,, the free-jet
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Fig. 1 Vertical circular plunging jet apparatus. (a) Sketch of the apparatus, (b) high-speed photograph
for V;=3.3m/s, x;=0.1m.

length x,, the impact flow velocityV;, and diameted,. For mended the use of model scales ranging from 10/1 to 1/10 to
each test, the water jet was extremely smooth and transparent.avoid significant scale effect$2]. Conversely experimental re-
air entrainment was visible upstream of the impingement poirgults obtained in a large size facility cannot be down-scaled. In the
Velocity and velocity fluctuation distributions, performed 5 mntontext of this study, a large-size plunging jet facility,(
downstream of the jet nozzle, were uniform for nozzle velocities 25 mm, pool depth: 1.8 jnwas used to minimize scale effects
ranging from 0.5 to 5 m/s. In the present study, the free-jet lengttden the results are upscaled to larger industrial facilities.
ranged from 0.005 up to 0.3 m, and the impingement velocities
were between 0.5 and 6 m/s. Air Bubble Entrainment Regimes

The turbulence intensity of the water jet core was measured on I . . .
the centerline at the impingement point. The data suggest that thd" @ Plunging jet, air bubbles start to be entrained when the jet

turbulence level decreased with increasing jet speed for a given [BPact speed/, exceeds a critical value. McKeogB0] showed
length (Table 1, column B For a constant plunge velocity, the at thg inception s.peed. decreases with increasing jet turbulence
! ' for a given jet configuration.

t;JE(blu/Igln;%.mcreased gradually with the free-jet length for 0. In the present study, inception of bubble entrainment is defined
as the threshold at which one bubble is entrained during a
Physical Modeling and Scale Effects. In a physical model, 3-minute period. Results are presented in Tables 1 and 2. Air
the flow conditions are said to be similar to those in the prototygmibble entrainment was detected visually and photographically
if the model displays similarity of form, similarity of motion, andfor V; between 0.55 and 2.1 m/s while acoustic measurements
similarity of forces. Dynamic similarity of plunging jet flows is, were made up to 5.0 m/s. The data show that the inception veloc-
however, complex because of a variety of factors such as flaty increases with increasing free-jet heightwhich corresponds
aeration, interactions between entrained bubbles and developiaoga decrease in jet turbulence intensifyable 1. The result is
mixing layer, and others. In a geometrically similar model, trueonsistent with previous observatio,10,21, although it does
dynamic similarity is achieved only and only if each dimensionaot follow a conceptual model of increased free-jet surface rough-
less parametdor I1-termg has the same value in both model andhess,[22,23.
prototype. For example, for small facilities, bubble entrainment is For V;>0.7 m/s, visual and photographic observations suggest
strongly dependent on the scale of the experimgh1,8,19. For three entrainment regimes, summarized in Table 2. In Regime |
civil and environmental engineering applications, the latter recorti-e., for impact speeds slightly greater than the inception 9peed
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Table 2 Characteristic jet impact velocity
sitions between three entrainment regimes

V; (m/s) for the tran-

With an impact speed of about 1.0 m/s for=5 mm, an un-
stable air cavity starts to develop at one point along the impinge-

V, (ms) ment perimetefRegime I). The air cavity position changes with
X4 (M) Inception RI-RII RII-RIII time in an apparently random manner. Larger air packets are en-
@ @ ) © trained below the air cavity with the stretching and breakup of the
0.005 0.52 1.0 3.5-5 cavity tip.
0.023 0.87 — — At larger speeds(above aboutV;=3.5 to 5 m/s forx;
8:%8 %:?g 1_7 2_'5 =5 mm), the air cavity develops all around the perimeter and

most air is entrained by elongation, stretching and breakup of the
ventilated cavity(Regime Il). Bonetto and Lahey27], Cum-
mings and Chansof¥], and Chanson and Brattbefgl] elabo-

fine individual bubbles are irregularly entrapped. The time intervgéted on this regime. Visually most entrained air bubbles/packets

between successive entrapment events may reach up to few
utes, as previously observed by Cummings and Chafk@nfor

"&¥d to follow a somewnhat helicoidal trajectory. The rotation di-

a plane jet. The entrapment process is distinctly audible using treé:tlon fluctuates irregularly at a low frequeriggss than 0.5 Hz

hydrophone. Although some bubble trajectories are vertical, m

ilar bubble trajectory rotation fluctuations were studied in de-

entrained bubbles tend to follow a slightly helicoidal trajectoryidil by Yoshida et al[25]. Furthermore, the direction seems re-
consistent with previous studid®4—26. Note that void fraction lated to the rotation sense of the free-surface vortex. Detsch and

measurements were inaccurate in Regime | because the void frfabarma[28] reported a similar effect. Regime Il is common in
tion was less than 0.1%.

@

industrial processes.

/n
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1/t

B C (x-x1=75mm)
02 +F (x-x1=75mm)
025 ~ C,Fry/V, Run BM5_2, V;=5.0m/s, x,=0.020 m, d,=0.025 m, Tu,=0.0035

Fig. 2 Dimensionless distributions of void-fraction and bubble count. Dashed

line is solution of Eq.  (1). Tu, is turbulence intensity based on longitudinal veloc-

ity fluctuations at jet impact.  (a) Jet height, x;=20 mm, jet velocity V;=5.0 m/s,
Tu;=0.35%. (b) Jet height x;=100 mm, jet velocity V;=3.5m/s, Tu;=0.39%.
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035 = C,FrV, Run BM35_1, V,=3.5 s, x,=0.100 m, d,=0.024 m, Tu,=0.0039

Fig. 2  (continued )

Spatial Distributions of Void Fraction and Bubble that the data were best fitted by assumiig2 (r + 6r)/d; where
Count Rate or>0 increases with increasing distanctor a given experiment.

. . . . . For very low entrainments ratgg.g., Fig. 6a)), void fraction
Void-fraction measurements show the advective dispersion & y de.g 9. 6a)

X . . . i . tributions exhibited some dissymmetry which might be attrib-
the entrained air bubbles in the developing flow region. Void fra%'ted to a feedback mechanism between the probe and developing
tion and bubble count rate data are presented in Fig. 2, for tw

impact flow velocities ¥;=5.0 and 3.5 msand free-jet lengths Wrtices. It is hypothesized that the probe support interfered with

(x;=0.02 and 0.1 m, respectivelyResults for other velocities thg develo_ping shear region, prevgnting the development of heli-
anld free-jet lengths show similar curves and can be found in M&Qidal vortical structures. In turn air entrapment was affected and

nasseh and Chans$né]. ound to be lesser on one side or another.

The distributions of void fraction are consistent with the earlier BUbble count rates were also measured at each point. Typical
studies by McKeogh and Ervirj@9] and Bonetto and Lahej27] distributions are shown in Fig. 2. For a given void fraction and
with 9 mm and 5.1 mm circular jets, respectively. The data conf€locity, the bubble count rate is inversely proportional to the
pare favorably with a simple analytical solution of the advectivBubble diameter and proportional to the specific interfacial area,

diffusion solution, [30,31. It provides additional information on the bubbly flow
structure.
Qar 1 R2+1 R In the developing flow region, the void fraction distribution
C= Q30" A " apix | °\ ap"x )’ (1) exhibits a peak C=C a) atr=rc__atagiven cross sectiolx

. . . . . constant The distributions of bubble count rate also show a
whereQ,;; is the quantity of entrained aiQ,, is the water jet flow o :mum E=F..) in the developing flow region, but at

rate,D*=2D,/(V,d;), D, is the advective diffusion coefficient, =re_, whererc__andrg__are significantly different. Forx

X=(x—xy)/d;, R=2r/d;, x is the distance along the flow di- .
rection measured from the jet nozztes the radial distance from .Xl)/d1<8 and a!l l?’t lengths, the _bubble_count pe.ak_ was con-
tSistently on the inside of the void-fraction peak: i.es

the jet centerline, anl, is the modified Bessel function of the firs ) _ _ _
kind of order zero[2]. For each run, the values @J,,/Q,, and <fc, . The resultis consistent with the observations of Brattberg
D* were determined from the best fit of the data to Eg. Note and Chansofi6] for a plane jet.
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Conax V,=5.0 m/s, d,=0.025 m

044 A _
Axl/d1=8 2
Oxl/dl=4 %
034 A ®x1/d1=0.8 z 10e-02
0 x1/d1=0.2 2
<
©
a g
02+ o E
a N ; 10e-03
3
0.1+ .
. o a
. o 10e-04
0 ° (o] Q- v 8 T T T J
” 5 4 4.5
0 0.5 1 1.5 2(x-x,)/d,5 35
(a) 10e-05
Frs TV V,=5.0 m/s, d,0.025 m
A
04 T A 10e-06
Ax1/d1=8 0 4000 8000 12000 16000 20000 24000
&x1/d1=0.8 Frequency (Hz)
03 4 A 0 x1/d1=0.2
Fig. 4 Acoustic spectra, jet height  x;=5 mm after [16]
* A
02+ .
Acoustic Analysis of Entrainment Regimes
j . ) )
ol Acoustic Spectrum and Bubble Size Measurements.The
° ° ¢ acoustic data were analyzed following principles detailed else-
0 ' ° o . . where,[13,17]. Two techniques were used: a continuous, spectral
0 0.5 1 L5 2 - 35 4 45 analysis following Pandit et al.34], and a discrete, pulse-wise
(), analysis following the “first-period” method of Manasseh et al.
(b) [17]. The spectral analysis utilizes all bands of the signal, offering

Fig. 3 Effect of the free jet length on the maximum void-

fraction and bubble count.  (a) Maximum void fraction,
mum dimensionless bubble count.

(b) maxi-

an overall “signature” of the system. However, the conversion to

bubble-size spectra relies on a questionable assumption: that
bubbles of different sizes are perturbed to the same proportional
extent. The pulse-wise analysis can give greater accuracy on the
true bubble frequencies, and offers the benefit of bubble count-
rates, giving the Sauter-mean diameter of practical interest. How-
ever, in correcting the pulse-wise distributions to account for the

greater amplitude of large bubbles, exactly the same questionable

Figure 3 illustrates the effect of the free-jet length on the
maximum void fraction and bubble count. The data were recorded
for an identical impact velocity/, at several vertical depths. The
results show that the air entrainment rate increases with increas
jet length. It is proposed that short jet lengtlesy.,x; /d,;<0.2 to
0.8 prohibit the development of large vortical structures witt
scale comparable to the jet diameter, hence preventing the de
opment of free-jet turbulence favorable to bubble entrainment
the plunge point. For long free-jets, Van de Sande and Si8&h
suggested that interfacial aeration of the free-jet may contribt
significantly to an increase in air entrapment. During the prese
study, the free-jet was visually transparent xqgrd,;<<40 and all
investigated jet velocities.

Although the maximum void fraction and count rate becom
small for (x—x;)/d;>5 to 7 (Fig. 3), individual bubbles were
seen at much greater depttfg. 1(b)). Millimetric bubbles were
seen at depths ofx(-x;)/d;=30 to 75 for free-jet lengthx,
increasing from 5 to 200 mm, respectively. For the longest ji
length, the observation was close to the results of Clanet a
Lashera$33]. However, fine bubblesizes less than 0.5 to 1 mm
were consistently observed at deeper depths for impact velocit
greater than the onset velocity. Visual observations showed ti
tiny bubbles could be trapped in large vortical structures for se
eral minutes, before being ejected to another vortical structure
toward the free surface. Some bubbles could stay near the flume

Number of bubbles (arbitrary units)

250

200

150

LIS B S S B S S B B B

100 [~

L L

0.00

1.00 2.00 3.00 400 5.00 600 7.00 800 9.00 10.00
Bubble diameter (mm)

bottom more than five minutes. Fig. 5 Bubble-size spectra, jet height x;=5 mm after [16]
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Fig. 6 Void-fraction, bubble count, and detailed bubble size spectrum, jet
height x;=5 mm, speed V;=3.9 m/s. Dashed line in (a) is solution of Eq. (1).
Tu, is turbulence intensity based on longitudinal velocity fluctuations; (b)
after [16].

assumption on bubble excitation must be made. Both techniquesn Fig. 4, the ordinate is a logarithmic scale and fine lines
also assume the bubble do not interact acoustically. Aspects of tiracketing the central lines indicate the bounds of 95% statistical
techniques relevant to the present study are detailed in the Appeanfidence intervals. High-velocity experiments exhibit higher
dix. acoustic energy, illustrating a louder underwater noise. Each spec-
Typical acoustic spectra are shown in Fig. 4 for the same getodm shows a minimum in energy at roughly 400 Hz, indicating
metric conditions X;=0.005m, x—x;=0.020m, d;=0.025m) that low-frequency noise probably due to background turbulence
as in Fig. &a), and for several jet velocities. Each spectrum was below 400 Hz. In Regime lle.g.,V;=2.32 m/s), individual
normalized to its integral. Since different amplifications were usdilibble signals were very clear to the éar other words, a time
for some experiments, the normalized spectra were shifted in theries of the sound would show a series of clearly separated
vertical to account for the amplification used during each expepulses; and a broad peak was centered arofirdB.6 kHz. Such
ment, ensuring that comparisons between experiments with diffarfrequency corresponds to bubbles around 1.8 mm in diameter
ent amplifications were valid. (Appendix Eq.(4)). With increasing jet speed, the frequency peak

916 / Vol. 125, SEPTEMBER 2003 Transactions of the ASME



shifted to lower frequencies. For the highest jet speed in Reging
i, (.e., Vi=4.4m/s, Fig. 4, the peak was at abouf 3
=1.7kHz, corresponding to bubbles about 3.8 mm in diameteg
Since all peak frequencies were greater than the low-frequenz L
noise found below 400 Hz, no high-pass filtering was required. 180 -

The bubble-size spectra may be derived from the acoustic spe I
tra. Figure 5 presents the bubble-size spectra for the acoustic d
shown in Fig. 4.(Figure Gb) shows one of the curves of Fig. 5,
for V,=3.9m/s, in better detajlA major difference is the large 120
number of bubbles in Regime [IM;=4.4 m/s). For all acoustic
experiments, the bubble-size spectra show a distinctive peak in 1
production of bubbles around 1 mm in diameter. Chord-lengt
data for related two-dimensional flows showed also a peak arou 80
1 mm, [5]. The aliasing frequency of the equipment of 22 kHz L
implies a cutoff to bubbles below 0.3 mm in diameter. Since th -
peaks in Fig. 4 fall off well before 0.3 mm, it is believed that they r
are genuine peaks subject only to the uncertainties of the assur
tions in the analysis.

In Fig. 5, there is a second peak around 2.0 mm diameter for tl
larger-velocity datdi.e., V1=4.4 and 3.9 mjs while there is a 0 Y S NP SRR PR
smaller but significant third peak at about 1.6 mm in e 0.00 1.00 2.00 3.00 4.00 5.00 6.00
=4.4m/s data. The corresponding ratio 2.0/1.6 is about the cu Diameter (mm)
root of two. It could be inferred that, in Regime lll, pairs of 1.6
mm bubbles are coalescing to form 2._0 mm bubbles, or alterqqg. 7 Bubble-size distribution, jet height X,=5 mm, speed
tively that 2.0 mm bubbles are breaking UA0,35. However v, =39m/s (acoustic data after [16])

Cummings and ChansdB5] never observed bubble coalescence

for x—x;<0.2m in a planar plunging jet. Both video and still

photographs highlighted breakage only. Figure 6 shows acoustic

and void-fraction data for one experiment: that \§,=3.9 m/s
(Regime ll). The resistivity probe data are shown in Figag
while acoustic data are shown with 95% statistical confiden%@
; i Ubbles[10,35.

intervals in Fig. 6b). h it f bubbl t ted bubbl

The spectral method of measuring bubble size has a number of '€ Varations of bubble count rakg mean corrected bubble
disadvantage$17]. Among these is the absence of data on bubb zeD,, and Sauter mean diametr;, are shown in Fig. 8 as

count, escly providet by the resitviy probe. A quanify oC1on of 1 et uelcly a mpact Sach acousic dls part s
practical interest to chemical engineers is the Sauter mean digm: oy - : h : .
eter: ars represent 95% statistical confidence intervals on the acoustic

measurement. The bubble count rate data highlight the transition
from Regime Il to Regime llI, with a sudden increase in bubble

20— T T T

bl

40

P I

these sizes is close to the cube root of two, there may be a ten-
ncy for the 1.04 mm bubbles to split into two equal daughter

sn p3 production(i.e., bubble count rajeat aroundv;=2.5m/s. This is
D32:i ) heard as a change from individual “plinking” sounds to a “rush-
=" D2 ing” sound. The bubble count rate appears to be maximum around

V,=3 m/s(Fig. 8).

whereD; is the diameter of a bubble amdis the total number of
bubbles detected. In industiy s, has traditionally been calculated

by sampling individual bubbles and measuring them optically. . ggq ——t 77— 1.6 £

technique based on measurements of individual bubbles, rathg i 1 E

than overall spectra, would be compatible with industrial expery 70 b 41140

ence, since it would enable the Sauter-mean diameter to be cal ' |

lated and compared with optical measurements where those 112

available. Manasseh et dl17] proposed an alternative “first- 60 '

period” method providing the distribution of bubble sizes base |

on the identification of individual bubble pulses. The datacant 50 [ 710

used to infer bubble count rates and the Sauter mean diametel - 1

well as a size distributiofAppendix. 40 I - 08
The acoustic bubble count rate was calibrated based upon - I

count rates measured by the resistivity probe for identical flo s0 - 406

conditions. The similar cutoff bubble size of 0.3 mm may help t ’

match the two techniques. A typical distribution is shown in Fig o4

7; its features are reproducible in multiple samples of data fror  2¢ . ’

the same settings. The trigger levels were scaled by the ampl M

cation used during each experiment. The location of the peaks 1.0 [ ®Dg, | 702

the corrected distributionge.g., Fig. 7 are consistent with the - oF

frequency spectrge.g., Fig. 6. (The distribution cuts off below 0.0 T — 1

0.5 mm and above 3.3 mm owing to the windowing process k 1.00 2.00 3.00 4.00 5.00

which the pulses were processe#ligure 7, however, provides V,(ms)

more details which may stem from the greater accuracy of the
first-period method[14]. The peak around 1 mm is in fact aFig. 8 Bubble count rates and diameters as a function of jet
double peak with subpeaks at 0.80 and 1.04 mm. Since the raticspéed V,, jet height x;=5 mm (acoustic data )
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Fig. 11 Bubble count rates and diameters as a function of jet

Fig. 9 Acoustic spectra, jet height  x;=100 mm speed Vy, jet height x,=100 mm

be aliased high-frequency energy in the data. It may be that, with
the higher jet height of 100 mm, the bubble-size distribution be-
comes fixed(“saturated”) at a lower jet velocity. If this is the
case, the effect of increasing the jet height is to decrease the
importance of variations in the jet spe¥d, at least as far as the
bubble-size distribution is concernéglig. 10. The bubble count
rateF, mean corrected bubble sifl and Sauter-mean diameter

Effect of Jet Height on Acoustic Data. The above results
were focused on experiments with a constant jet heighFigure
9 presents data for a larger jet heightxef=0.1 m. The data show
that Regime Il occurs at a lower jet velocityy compared to the
experiments withx, = 0.005 m(Table 2. The spectrum in Regime
Il has significantly less power than the spectra in Regiméell.,

V;=3.9 m/s_,) simply reflecting the fact that bubbles are not prcb32 show a similar lessening of the importance\of (Fig. 11):
duced continually. .-The sudden jumps in the curves at the low jet height no longer

Although the boundary between Regime Il and Regime Il i : “ ; ;
detectable by ear between 2.0 and 2.4 m/s, there is little signific%grukgd&gtcfh;hﬁig’ha?estlt;%?gfr:?m one regime to the next is not so

difference in the spectra fof;>2 m/s. This is a marked contrast

to the spectra fox,~0.005m, when increasiny, above the The software measuring the bubble count rate based upon

. . - : . acoustic data can process up to 20 bubbles per second. It is un-
inception condition continues to increase the total sound POWlely that the maximum around six counts per second represents
produced. The spectra also decay relatively monotonically. a saturation of the measurement system. An identical analysis pro-
In Fig. 9, there is some hlgh-freqyen.cy noise in the SySt.eﬂ}col was used for each impact velocky, with the straightfor-
above about 14 kHz, the source of which is unknown. There MIGrd correction for different amplifications during recording be-

ing the only variation. Since increasing the jet speed at a given
height demands greater pumping costs, these results suggest that
D s S s L ) e B L as long as the jet height exceeds a threshold, the jet speed could be
r 1 fixed at a low level for the same aeration benefit.

Conclusions

Measurements in a large circular plunging jet flow show that
there are three distinct regimes of air entrainment. These regimes
are visually observable and boundaries between the second and
third regimes are easily detectable acoustically. In the developing
flow region, the spatial distributions of void fraction compares
well with a solution of the advective diffusion equati®) for all
investigated flow conditions. Bubble count rate distributions ex-
hibit a somehow different shapéig. 2 and there is a spatial
offset in the peak of void fraction and bubble count, as with other
two-dimensional plunging jet flows. The effects of the free-jet
length were studied. The results showed an increased entrainment
rate and increased dimensionless bubble count rate with increas-
ing jet length forx,/d;<12.

Acoustic data reveal a bubble size population with a maximum
probability around 1 mm in diameter, consistent with resistivity
probe data. Since the acoustic bubble size measurements are mea-
0.00 100 200 300 400 500 600 7.00 800 9.00 1000  gyrements of true bubble volume, their distributions can be used

Number of bubbles (arbitrary units)

Bubble diameter (mm) to infer the presence of bubble breakup or coalescence. The results
also suggest that, if the jet height is raised, the air bubble entrain-
Fig. 10 Bubble-size spectra, jet height  x;=100 mm ment becomes insensitive to jet speed. The practical implication is
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that in industrial systems, there is a threshold jet height above V; mean flow velocity(m/s) at jet impact

which pumping harder does not improve the aeration. X = dimensionless longitudinal distancé= (x—x;)/d;
The acoustic technique can be accurately calibrated for a rap- x = distance along the flow directioim) measured from

idly formed stream of bubbles precisely produced under labora- the jet nozzle

tory conditions[14]. The assessment of its accuracy is difficultin ~ x; = distance(m) between the jet nozzle and the impact

complex, high void-fraction flows, where the inherent bias to- flow conditions

wards large bubbles and acoustic interactions of bubble clouds can vy
make interpretation of the signals in terms of fundamental theoryy, ¢’
problematic. Development of the acoustic technique as a semi- p liquid density(kg/m®)
empirical signature method requires making comparative mea- J = diameter(m)
surements using an alternative technique. The acoustic tecmi@i‘ﬁ)scripts

has so far yielded usefuklative bubble size data, for example ;
spatial differences in bubble size in a complex, high void-fraction &Ir
flow. The present results suggest that an acoustic technique cali- W
brated through detailed laboratory measurements can also yield ©
useful, absolutedata in high-void fraction flows. Moreover the
robust acoustic sensor can then be used to make absolute measure-
ments in hostile industrial or environmental flows where more
delicate instruments are impractical. Appendix

ratio of specific heats for the gas
radial angular coordinate

air flow

water flow

nozzle flow conditions
impact flow conditions
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Nomenclature

Derivation of Bubble Sizes From Acoustic Data

wheref is the frequency in HzP,, is the absolute liquid pressure,

C = air concentration defined as the volume of air per js the ratio of specific heats for the gasis the liquid density,
unit volume of air and water; it is also called void  and D, is the equilibrium(spherical bubble diameter{12]. For
fraction _ o _ these experiments, E¢3) becomes

Cmax = maximum void fraction in a cross section
D = bubble sizelm) (o 6.58 @

D, = corrected mean bubble sizm) T Dy

DDaz z ggﬂitliet:rmswfjl(gpdr:i?;c:ezatjﬂg]abble diametefm) It is important to note that the acoustic frequency emitted by
D(; = turbulent diffusivity (m?/s) bubbles is essentially a function of tleebe root of bubble vol-

ume Severe distortions to the shape of the buliblg., into a 4:1
ellipsoid) alter the frequency predicted by E@) by only 8%,
[36]. Moreover bubbles tend to emit sounds when at their most

D* = dimensionless turbulent diffusivityp*= D, /(V,r;)
for circular jet

d = jc;eiiedcifi\(r)nneter(m) measured perpendicular to the flow spherical statd[14].
d, — jet diameter(m) at the impact with the receiving pool An acoustic spectrum of frequenciesay be inverted to give a
1 Jof liquid P 9p spectrum of bubble sizd3,. However, it is not correct to simply
_ ) plot the sound power spectrum against the reciprocal of frequency,
F= ?euc?gjebcfﬁg}égattﬁ'zs)eigmed as the number of de- as Eq.(4) would suggest. Larger bubbles are louder and contribute
F — maximum bubblpe count ratiz) in a cross section more to the sou_nd power. A spectral analy_S|s would be _blase_d
ma}’: — acoustic frequencyHz) unless a correction is introduced. Assumptions are required in
) q . . . comparing the relative excitation of bubbles. Pandit ef3]
9 = gravity constantg:9.$0 m/g in B.“Sba.ne' Australia proposed a simple treatment. The instantaneous sound pressure
Iy = rzneorglfled Bessel function of the first kind of order produced by a single bubblg(t), is given by
P = sound pressuréPa 1 3yP3
P.. = absolute liquid pressur@a p(t)zz—2 ﬁY(t)2 (5)
p = instantaneous sound pressyiPa) f4mp(y(y=1r)
Qqir = air discharggm?s) wherer is the distance from the bubble and the time-dependent
Qu = water dischargém®/s) factor Y(t) is given by
R = dimensionless radial distance=2r/d, 3.1 3
r = radial distancém) from the jet centerline NE Do |»7 " 1[ Do
_ e ! YO=3-7|50 3 ®)
rc,... = radial distancdm) whereC= C,,x 3 D(t) 31D(1)
"Fnax = radial distancém) whereF =F ., for adiabatic compression of the bubble, whBx@) is the instan-
r, = jet radius(m) at impact taneous bubble diameter. This analysis does not, of course, con-
Tu = turbulence intensity defined as: Fw'/V sider the damping of the bubble, which gives rise to a broadening
Tu, = turbulence intensity on the jet centerline measured abf the spectrum produced by any individual bubble. However,
jet impact since time constants for the decay of a bubble pulse are signifi-
Tu, = turbulence intensity measured at jet nozzle cantly longer than the acoustic period, typically by a factor of
u = dimensionless variable 10-20(e.qg., typical pulses in Manasseh4,37), the effect is not
u’ = root mean square of longitudinal component of turbusignificant. For the simultaneous oscillations af identical
lent velocity (m/s) bubbles, the resultant summed sound presBurghich would be
V = velocity (m/s) measured by a hydrophone, is given by
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