SECTION 3

LASER DOPPLER VELOCIMETRY
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3.1 INTROOLCTLON

43 part of a combineq numerical f{Celik and Wanpg, 1990), analytical
{Clark, Atkinson, and Flemmer, 19873, and exper‘mental {Greoss and Kehiman,
14990) studyr. of buh‘n‘r:e column hydrodynemics, measuraments have been made of
mean and flugtuating bubble and ligquid welocities in a laboratory model bubble
columf. Tha threa componént Jazer Dopplar wvelocimetar (LO¥W) described oy
KuRiman and Gross (1983) has been used to cbtain the bumble and liquid
velocity data nnn+intrusi-_ra11.r. Use of "a non-intrusive flow measuremant
techrigque is essentia’ for accurate measursmants 1n 3 racirculating flow such
as the circulation iR & bubble coiumn.

Many of the previous sxperimantal studies of bubble celumn circulatian
have usad intrusive probss to maasure velocities, and gensrally only wertigal
valocity hag baen measyred, For axample, Hills (1974) utilized ras‘i_stancﬁ and
pressure probas to measure radial distributions of m‘iq_dage and mean wvertical
ye‘ruc:'lt'.i for turbulent flow, ovar a range of gas flow rates. .The 11quid
circulation uas.uuaerved to ba upwards on the column center'line.and dowriwards -
at 1arge radius, ngar the column Ha'l'l._ A similar ¢irculatich gattarn has —een
measured by photographic means for & laminar flow in 3 huhmé golumn with a
wery small void fraction by Reitma and Citengraf (197G),

.Hnre recently, Durst, et ai., (1984] have uzed & nomnintrusive =1ngle
channel L0V +to determine the mean ligurd Qa‘lm:'ltv dizgtribution for an
“axigsymmetric, laminar flow tn a cylindrical column. The liguid .flow was
driven by a single column of discrete bubbles injectan at the canterlina.
Again, a taroidal recsrocutating Tiquid flow patters was measured. Flow
ywisualization ﬁhutqgraphs claarly 4ndicated that the prezence of a probe in

their bubble column could alter this Tiguid circulaticn from a single
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recirculation cell, to multiple celts. Thie points cleariy to the need For
nan-intrusive velocity measyrements in the recircutating bubbie column Flow,
itudies of the bubbly, twa-ﬁhase flow In a wvertical circular pipe have
been conducted by Sgrizawa, et al., (1275}, and by Currie and Brankevic
{1987). Serizawa, et al., {1975) uzed a series of intrusive probes to measure
both mean and turtulerce quantities for both the bubble snd 11quid Flows.
There was no flow reversal in their vertical pipe, and the flow was driven by
and asjplied pressure differerce across the pipe. Radial gistributions of
axial bubble and Tiquid velocity and voidage were measured. More recently
Currig anﬁ Brankovic (198Y) obtainsd s&x1al and radia) liguid and bubble
velocity measurements Tor an air-Tiguid two-phase flow im & verticy) Bipe with
2 sudden aexpansion, using & non-intrusive two-component LDV system. Howayver,
again the Tiow étuu1ed giffers from the circulation in & bubble column, in
=hat the liguid fiow was driven by an applied pressure gragient.
3.2 LDV EXPERIMENTAL AFPARATUS AND PROLCEDUSE ’

A schematic of the hexagonal cross-section bubble column 13 Shown in Fig.
S.2.1. The calumn 12 made of plexiglas and is 1% cm across the flats or §1 cm
across the diagonalt at the top, and can accommodate water depths up to 18 cm
measured from the bubble injection manifold. Fer the present experimencze in
2ir bupkle injecfinn manifold made from a FVC ond gap {Fig. 3.2.1) with a
sirgle, central hole of 1 mm diameter has been used. Air flow rate was T.87 a
10_5m335 (10 SCPH}. Caleulated et exit air veigcity was 20 m/s, su that
superficial gas velecity was only 0.2 om/s. This rasylted in an initial air
Jet which hroke inte nominal 1 cm diameter or iess bubbles on the centerlina
near the top of the column,  This air jet drove a relatively strong water
cirgulation which was opbserved by flow visualization to be upuards-near the

central column of afr bubblas, and cownwards near the suvter walls of the
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column.  Flow visualiZation video hasz indicated the upwards valacity of the

air jet to e betwean 30 apd 40 cmfsec, This configuration has been studied

becausa it grestly simplifies the measuremant of bubble and }:quid velocity

since there is wery little interferenca with the lzser beams Jus to bubbles
¢crossing througn the heam paths away from where tha laser beams cross in the
mezaurement voluma to fork tntepforence fringas, This i3 becaute only tha
gmaller bubbles {Iszx than { mm diameter} are re-entrained by tha water
circulatior to recirculate in the column. Hota, therm, that all bubble
velogity data are actually for these small diameter bubbles. Alsn, tha
hexagonal cross-saction has besn selectad because 1T eliminates the probTams
associated with an;ica11p panatrat1ﬁ§ a cﬁrvad interfaza {Brnaduay_ and
Karahan, 19&1: Bizen, 1982 (urrett et al,, 1985), whila stil! ramaining
nearly cylindrical n shape,

The present valocity measurements have bean abtained wusing a
three-cumpanent,-ﬁ-beam Iﬁsar beppler veloacimater describad Ey Buchave {1384:.
This eystem has previously besn used by Kuhlman and Grozs (1989 to measurs
the three-d1méns1una1 maan and turbulent velocity fields in an axisymmetric
gir jet. Since simultansous, ceincident data wers measurad by Kuhlman and
Gross (1989), :hen.1t was possible to determina Raynolds stresses. These jet
data wara consistent with previous axisymmetric jet data. Tha LDO¥ system
consists of OBANTEC 553 modular eptics and a saries 2000 5W Spectra Physics
argon ion laser, which are mounted to a 3-D, computer-controlied travarsing
systam, as shown in Fig. 3.2.2. Front lenses with a fogal length of 0.6 m are
used,; %0 the angle betwaen tke two separate optical trains s @qual to 60" .
This large angle helps agreatly to improve accWracy of the 3-D veleocity
measurements, as discussed by Heyers (1935),

Three separate LOV channals are formed, by use aof color separation. The
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438 nm and 514.5 nm wavelength beams form orthogonal fringes by means of &
sTandard two-channst EpticaT train, zhown on the battom of Fig. 3.72.2. The
vertical velogity compenent 13 messcred using the 488 nm bezm, while the 5t4,5
hlh beam measures a velocity component at a rignt anglea to the optical axis, in
2 norizontal plane (i.e., inclined 30° right of the ¥ axis defined in Fig.
3.2.2}, Tha third LOY channel uses the 476 nm wavelangth beam from the lazer,
which is sent to the single-channa! optical train indicated in Fig. 3.2.7.
This LBV channael measures a wvalocity component in a horizontal plare at am
angle 30" left of the Y axis in Fig, 3.2.2. Orthogonal horizontsl (r-8)
velocity componente  are  computed by vector transformation  from  the
non-grihogonal to the orthogonal coordinate system. Fraguency shifting aligws
measuremants jn revérsing flows, while tha beam expanders increase
signal-to-noise ratia. Probe volumes far all thrag LBV chanreis are 0,16 me
1n-diaméfef} by 3.3 mm=1nﬂ5- Fringa spacing is nomina)ly 5.84 um, vielding
appraximately 27 fringe in tha probe volume,

Ea:kscatﬁered light penerates the output of the photomultiplier tubes
which 15 sent to three counter processors, operated in the combined mnde.
Qutput from the three counter processars goes to 2 DANTEC buffer interfacs and
coincicence filtar, which accept validated data from each channel, check that
tha velocity measurementzs from each channel a1l were measured within a
user-selectable time window which defines ¢oincidance of the data, and measure
the time batween esch 'set of mesgurementz of the velocity components.
vatidated, cotncident gata anc the measured sample interval time sre zant To a
0P 11/23 microcomputer for storage. Patz 5 retucead uéing technigues
discussed by_Edwards {1987), Meyers [198B), Yanta znd Smith (1973}, ang Gould,

et al. {1389],

Air bubble velacity datz have been abtained for a matrix of twanty
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diffarent wvertical deptha, by eleven dif7erent radial locations. Liguid
vajuui£y data have been cbtaingd at tha same 20 vartical lacations, bul at 13
radial Tpcatigns. These resu'ts have been obtdined by simultaneously
measuring the vertical velecity and one horizontal velocity component
perpandicular to ong cf tha calumn faces, using tha 2—:hanng1 LDV, and thean
" measuring the third valocity component, perpendicutar to a neighboricg face,
at the seme Yocation at a later fime. Thus, no Reynolds stress results have
been obtatined, vealocity deta obtained from the two non-orthogonal horizontal
LOV channels have been - posi-processsd %o obtain orthogonal radial and
circumferertial welocity ra.su!ts. At gach Ipcation, a time history of 3754
validated LIV velosity maasuremants has been acquired for each of tha tﬁree
valocity coOmponénts. Since tha countar proce3anrs QEFE ofgerated 1n the
“¢nmbinéd" made, only one doppler signal was azquired far sach bubble or ssead
particle that grossed thraough the proba volome, AMes note that for this
single doppler sigral, tha total numbﬂ;.nf fringas crossed by “he bubble or
"saad particie was recorded. The sampla interval time between each subseguent
- validated velocity measur=meni has alsc been measursd. These data have been
_reduced by sorting the time E&Eies for each veioeity component 1nto a 100 bin
velocity histegram {i.e., number of valogity measurements 1n 2ach vetooity
rangs], and deleting the tails of the resulting histeograms for each channeis.
Batweon 0.5-8% of thes data have Been rejected a3 spurioud in this fashion,
uﬁtne for tha maj¢r1tf of data filaz bcetween 1-3% of the data have hbeen
omitted by this tachnigua. Average and RMS bunbla and liguid velocities havae
been computed by four differant avaraging methods: statistical averaging (sum
af tha velocities divided by number of datms values), bath with and without
rejection of spurious data in the tajls of the velocity hiztogrems, and sample

interval time weighting, again with and withcocut re;ection of spurious data.
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Results presented herein have all been calculated using statistical averaging,
and with the rejéct1on of spurious “outlier” data. One exception to this is
for the 2-D air bubble ve1oc1ty data for the vertical traverse at the third
from largest r location, whers no data rejéction was used, since these data
files contained fewer samples (from 150-2300) due to a peor signal-to-noise
ratio caused by a faser beam reflection off the column wall at this radius.
Plotted mean and RMS velocity distributions changed by no more than 1%
independent of which of these four data feduction methods was used. indicating
that statistical bias is not a significant problem with the current data.
Each data record at a point took between 30 and 800 seconds to acquire, with
most files taking -200-300 seconds. Tﬁese validated data rates of about 10
samples per second yielded calculated data densities {validated data raté
times Taylor microscale; see Edwards,‘ 1987) of between 0.06-0.6. Data
densities tended to be higher and fewer spurious points were rejected for the
1-D data measurements. For the present results no velocity bias corrections
have been applied to the calculated statistical averages (Edwards, 1987:
ﬂe&ers, 1988; Yanta and Smith, 1973; Gould and Stevenson, 1989). This is not
generally believed to be a significant problem, because of the low average
validated data rates.

A1l bubble velocity measurements were obtained using distilled water in
the column, with no added seed particles, and without any thresholding of the
Doppler siénals to reject large signals. Liguid velocity data reported herein
have been obtained by adding 4pm diameter siJver cocated plastic sphere seed
particles to the bubble column, and then by rejecting the 1argest-Doppler
signaTs due to the large air bubbTes. through use of a 24 dB threshold setting
on each of the counter processofs. This level of th(ésholding was observed tb'

typically reject approximately 90-95% of the Doppler signals obtained without
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any seed particlez added to the flow. The seed particlaes are expegted to
adequately track the present flow up te frequencies of 1-2 kHz, based on the
Aotk of Hjelmfelt and Mockros {1988). It is expected that other non—intrusive
mat hods, éu:h a3 bhage Dopp er technigues (Bauckhage, 19585: Orain armd Phil,
1985, Foster and King, 19E5] or fluorescent pﬁrt1clea (Galdman end Saasholtz,
1968) could tead to bette} tiguid velogity deta, but whese métnoocs were not
availabla for the present woark.

3.3 LDV RESULTS - AVE_F##GE BUBBLE "u'ELﬂCITiES

The aversge bubole radial, wvertica’ and circumferential velocittas are
presented i Figs. 3.3.1-12. The data is plotfed versus non-dimensiona’
efféctivé calumn radius rfR, whera A is one half tha hydraulic diameter of the
column. - Each figure plots the data for five wvertical locations (Z,in
centimatafs] maasurad ralative to the Tozation of the atr injection port at
the bottom of the column. Water depth, a3 measured from the air injection
.nnrt. was hald constant at 18 cﬁ+ Tha air flow rate through the injection
rpoart was kept constant at T.BTx1U_5 mafsec {10 SCFH}.

Ho oubble or 11q-.i1d velocity measuremants hawe besn ootained for ro
n_17R, becauas of the presénce of the a2ir jet for =smaller R, When the praoba
volume was pasitiened at the edse of tre jet (approximately for =~ = 0.17 R, or
less) the photodetecter sigrals would saturate, or appear axtremely “noisy’.
Thus it wess judged that no reliable velocity dats could be obiained toc close
1o, or 1n§+da, tha jet ftzelf. Also, no measuraments have hesn obtained for r
y 0.82R, since laser light which 13 reflected off the column walls
(watar-plastic and p1ast1c'51r tntarfacas? saturates the phﬁtaﬂataﬁtnrs at
largar r wvalues. It was ohbserved thak the signel quality was degraded
graduaily as the columm wall was spproached {due to reflgetions) and as the

air jet was approached. Increased $7gmal noise near the air jet was dua botn
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