any ssed darticles added to the flow. The seed particles are expected to
adequately track the prasent flow op to freguencies of 1=-2 kHz, based on tha
wufk of Hjeslmfelt and Mac<ras (1968}, It is expected that otrer mnon-intrustve
methods, s.uch ag _Dl'la?ﬁ toppler tachnigues [Bauckhage, '985; CDrain and Fhil,
1985; Foster ﬁﬂd K1rg._1935} ar fluorescent particles (3o)ldman and Seasholtz,
1988) gnu1d lead to bstter biguid wvelocity data, but thess methcds were not
available far the present wark.

3.3 LOY RESULYTE - AVERAGE BUBBLE ?ELGCETIES

The average bubble radial, wertical and circumferential welocities ara
presented in Figs. 3.3.1-1Z. The dats iz plottad versus non-dimansionzi
effa¢t1vé columh radiwvs r/R, where R is ane half the hydravl-ie diameter of the
column. - Eﬁch figure plot: the data far frva wertical losatiens (Z,in
centimetarz) measured relative to the Tocatian of the air 1njectien port at
the bBotkom of the column.  Water depth, as measurgd From tha air injection
port, was haid énnstant at 18 ¢m. Tha air flow cate through tha 1injecrizn
‘port was Kept constant at 7.87x107° w3/sec {10 SCFH).

Ho bubble or 1iq§1d velosicy measurements have Ebeen cptained for ro¢
D.17R, because of the pras;nce of the air jet for smaller R, when the prope
volume was positioned at the edge of the jet [approximately for r = 0,17 R, ar
Tnxz] the Dhutodetectnr signals would sazurate, ar appear extremely 'ngisy’.
Thus it was judged that no reliable velocity data could ba obtained too close
Lo, ar inﬁida. the jet itself. Alsa, no measuremants have bean obtained for r
» O0.BZR, singe laser Tlight which i3 reflected off the column walls
{watar-plastic and plastic-alir intarfaces) saturates the phntodeteﬁturs at
Targar r values. It wes cbsarved that tha signal gquality was degraded
gradually as tha eolumn wall was approzched {oue to reflections) and as t+e

air jet was approached, Incﬁeased 5ignal roise near tha air Jjet was Jue both
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to reflections off the jet interface, as well as the presence of smaller
bubbtes in the laser beam paths away from the probe §o1ume. These smaliler
bubbles reduced signal quality, and eventually wouyld destroy the doppler
signal by destroying the fringe pattern formed in the probe volume (Foster and
King, 1985). Figs. 3.3.1 through 3.3.4 display the average bubble radial
velocity versus r/R. The radial velocity bubble profiles are negative in all
but the top four vertical locations. This 1indicates that the entrained
bubbles are moving in towards the column centerline for all but the top fifth
portion of the vessel and that in the top fifth region, the bubbles are moving
out toward the column wall, On average, the bubbleé appear to be moving
iﬁwards at roughly 5 to 7 cm/s and outwards at a velocity on the order of 10
to 20 cm/s. 1In a11‘ca5es, the radial bubble velocities tend toward zero, or
decrease significantly, at the beginning and ending rédial_positions. This
indicates that a solid boundary is 1mpéd1ng thé flow. For r < O0.17IR, the
1n1t1ai air Jet is acting as the solid boundary, while at r S_D.BZR the
plexiglas %ntefface is being approached. '

Figs. 3.3.5 through 3.3.8 present the average bubble vertical velocity
versus r/R, Vertical mean bubble velocity is largest at a fixed depth for
small radius. The presence of the air jet can be di}ectly attributed to this
phenomenon. Vertical bubblie velocity is zerc at r &=.7R at a11 depths, where R-
is the effective radius of the hexagonal bubble column. Velocity magnitude
increases with increasing vertfca1 position for all but the last two
traverses. For these two traverses (Z = 15,4, 16.1 cm) the Qater-a1r
interface at the column top acts to decrease bubbie velocities as the free
surface is approached. The magnitude of the outwards bubble velocity near the
free surface is about the same order of magnitude as the upwards bubble

velocity near the air jet.
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The sircumfarential mean bubble velocity (Figs. 3.3.% through 3,3.12} are
vAry nearly zard“avéryuhare in tha bubbie calumn,
3.4 LD¥ RESWLTS - Re3 BUBBLE YELOCITIES

The RME bubble, radial, wverticel and circumferential velocities are
prasentad in Figs. 3.4.1 through 3.4.12. The data is ag;1n plotted versus
nondimensional effactive cn!umg Fadius r/R. Inm al] cases, the RMS velocities
are zmalier in tne bottom half of the column, and are Vargest near the jet
Esmal1 ry ard nea} the free surface of the column.

- In the bottom half af the ealumn, the RMS radial and uarﬁmal velodities
are esseﬁtia11v the same sire as the corresponding mean velocity <omponents.
Radial RME velocities are consistently larger than both BME vertical and
crrcumferential velofities, which are gensraltly sbowt the Same 31&&. In the
top portion ef the bubble ¢oclumn, both RHS velocities are more nearly agual to
tha magnitude of tha Jarger of the mean ve-tice]l and radial valocities. Trhe
RMS velocities all decredase as radius 1§ increased, simitar to trards for toe
maan bubble ve1bcﬁtr magnitugde. Turbulepce intensities are everywhers on the
order of 100X, indicating very good mixing.

3.5 L0V RESULTS - avERAGE LIQUID YELOCITIES

Tha averaga Ytiguid radial, vartical and circumferential welocities ara
prasentac in Figs. 3.5.1 through 3.5.12. 'The 11guid velocities follow trengds
which ara s.'lmi lar to gbsarvatians for the bubble wvelpgitics, exgept that tﬁe
liquid welocities are generally smaller than correspending Qubbie velogities
near the top of the column and near the :uiumn centerline. This velocity
gifferance is significant in that 1T cigarly shows that the 11ﬁﬁ1d wirculetian
i being driven by the bubbnle flow.

Fige. 3.5.1 threugn 2.5.4 display tha average Tiguid ragial wvelocity

varsus rf/R, A 13 thg case for the average bpubble radial walgeities, the
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11qu}d radial wvelocities are negativa for 7 wvalues up to about BOX of the
column height.,  Tha liquid is wmoving ragizlly cutwards for the remsining 20%
of the celumn height. ©n average, the 1iguid fiows radially back towards the
column centerline with a velocity of rowghtly 2 to & cmfs. Liquid radial flow
velocity to the column walis is roughly 8 te 10 cm/s.  Zero valocity, ar a
significant veloeity decrease at the begioning and ending radial positions,
reprosenting the air jst or wall region, 15 alse notad.

Average liguid vertical welosity plottad versus non-dimensicnal effective
column radius is presented in Figa. 3.5.5 through 3.5.6.  Mezsured vertical
Tiguid m=an wvelocity s Ia smaller positive wvalue a5 compared to wvertical
bubble mean veiocity near the central air jet, &nd i= comsistently downwerds
beyond r/R & 0.5 - 0.7. Thase rasults further ndicate that the Tiguid flow
tags behind the bubble flow, as expected. As is the case with the vertica)
puckle moan valocity, vertical ligquid mean velocity dacreases (I = 14.6, 15.4,
16.7 cm} as the free surface 13 approsched,

The :1r=umferenti$l maan ligquid velocity, Figs. Y.5.9 through 3.5.12, are
very nearly zerg everywhere in the tudble column, This is consigtent with the

circumfarential mean bubkle velooity Jara,

3.6 Lﬁv Aezults - RMS Liguid Yelocitias

The FRWS 1iguid radial, vertical and circumfersntial velogities are
presentad in Figs. 3.5.1 through 3.6.12. Az expected, RMS ligquid velogifigs
are generally amaller than ecrresponding RMS bubble velosities near the top of
the column and near the column centarline. RMS radial and vertidal welocities
are assantially the same size as the corresponding maan velocity components in

the bottom half of the column. Again this behavior s simitar to that of the

bubble phase data. FRadial RMS velocities ara consiatently larger than both
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RMS wvertical and circumferential velocities, which are genarally about the
same size. Thus, it can be said that- non-isetropic turbulenca exists in the
bubbie column.

In the tap pnrttun of the bubbla calumn, RMS veiﬁcities gre more
nearly aqual to tha magn tude of the largar of the mean vertical and radial
valocities. The FME va'oeities &l1 decrease as radius is inecreased, similar
to trends for the mean Yiguid veinc1ty. magnifude, Liquid turbulance
intensities are everywhere on the order of 100%, again ind1bating vary good
mising.

3.7 FLOW WISUALIZATION AND VELOZITY ﬂﬂHFARISDHS

Figs. 3.7.1 &and 3,7.2 are Examp195 0F fiow visualization photography,
Flow visualization was accomplished Dy pessing & 5§ watt argon—ior laser baam
through a cylindrical glass reod which turned the team irto a two-dimansicnal
light sheet. The Tight sheet was then passed in a vertical plane through the
bubbie column alorg ihe minar diametes. This had the effect of illuminating
the flow fi1ald 1n a twn~uim§ns1nna1 plane, Photographs and video tape ware
used to further investiigate the flaw.

Fig. 3.7.1 5 a view along the major diameter of tha column. It sheyldg
be nated that because of ithe plexiglas intarssction, there appesr to be two
alr jets when in fact thare 18 only onae. F%g. 3.7.2 45 2 view alang the minor
diameter of the bubble column. Both photographs prm#ide additiong]
information that is consistent with mean flow velocity information, Bubbles
can be gvearved 1o rise rapidly near the central ajr jat, with most bubbles
lsaving the butble column at the free surface, Smalier bubhles are observed
to move radially cutwards near the top of tha column, downwards at large r,
and inwards at the hottam of the <oiumn, A4 relatively strong ﬁurinda1

recircu1at1ng-vnrtax flow is cbserved in the top half of the column. The
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central air jet velocity was observed from video tape to De on the order of 30
to 40 cm/s. |

Figs. 3.7.3 and 3.7.4 allow side by stde comparisons between radial and
werticat bubbla/1iguid mean velocities. Both figures Ciearly indicate that
the Huu‘ud_phase. lages the bubble phase near the aitr jet and near the free

surface of the bubbis column.
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