W, TASK 3 - PROCESS VARIARLE STUDIES
&L DES&RIPTIGN OF THE FLOW FIELD

The hydrodynenics of & bubble column s significantly affectad by the
flow regime im which the column opesrete=. Ample evidence of this dependency
is awvailable in literature {e.g. Shabh at al,_ 1382 end varioues eriteris
have bzen proposed bv differcmt resesrchers te Adifferentiace the flow
regimes. CLeckwer et al. (198L) presented a flow Tegime map {Figure V-1)
witich gualitatively chearar-erizes the dependence of flow reginmes on  the
column diaﬁeter and the superfiecial ges velocity, At loew superficial gas
velecities, regardless of cciumn dlameter, the homopeneous flew regime (or
the ‘“hemogenecus bubbling” regime) exists. In this flow regime, the
bubbles are wuniform in size and win‘nal interaction betwsen telghboring
bubbles oeceurs. Bubbla cealeseence and breslup osceurs as Ehé gas velosity
iz incrcased. During this presess, largs hubbles mey eppear. T colvamns
Tess rhan 0.10 w in diameter, the large bubnlasg mavy £111 the entire ealumn
clameter forming alugs; this dis the "slug flow" ragime. Tn lerger
diameter columns, large bubbles are formmed without preducing slugs.  The
forxavions of thecs large buwbbles Is associszced with an fncrsase ia turbu-
‘lencze; this is the "churn-turimlent" regime. The shaded reglons in Figure
V-1 indicate the trancitien regions between the wvarious flow repimes. - Tha
exact locatien of the Doundaries mssocioted with rthe transitiom tepgione
will probabiy depend on gas distribucer .design, static liquid height,
cperating condirions ane gres and ligaid media.

The flow 7tegimes describwd ashove are  typleallr  agsesisted with
netioaming  svsterns. For foaming systeas, &hah et al. {1Y985) include an

additionsl Zlow - regime e3lled the Soaming {(er “"foany") TREime. The
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"Toawy™  regitwe overlaps the previously described regirmes and is charac-
torized by the presence of 2 skable laver of foam on top of the dispersion,
nith, D.H et al., (193453 have presented a procedore Lhst mekes it
possibie o Stedict the trancition froe the "hompgeonsous bubblirg” regime
ta the "feoamy" regime.

The Zlow fields in the 0,021 a3 ID avd the 0.229 m ID pglase columns,
fer the rtange eof comditions empleved in ths present study, were stadied
viéually, and with the ald of video tap2s and phetogrephs. RugultS._fram
gxperiments conducted with the paraffin waxes (FT-200 and ¥T-300) and wich
distilled watey are presented hare. It was not poszinle Lo cboerve the Flow
field with veacter waxes {Lascl’s Arge reactor wax and Mobil's reactor wax)
dur te the darle calo? of these waxes,

The major findings frﬁm these studies are:

. In che 0.051 o ID ¢olunn., the "homegenecus bubbiling” regime prevails
8l s superficial gas weleclsy of 0.01l /s followed by a tramsition te
the “ziug Zlow" regime 1n the absence of foam, Whereas, in runs wich
orifice plate distrilbuto-x whece [osm was present fe.g. with paraffin
waxes), the "honogsneous bubbling“ reeime was followed by the "foazy-
teglme {for the velocity Tanpe 0,03 te 005 /s in most casesd, after
wonich the “elug f{low" ra:pglze prevails, Similar flew regimes we=e
obsarved with the 40 pm OMP distributer, howsver, +he "foany' regioe
prevailed up to ges velocivies of 0.0% nmis,

] Ir the 0.229 m ID cclumn, <he "howmepenaove budbling" rogime ccevzs at
ras  wvaiocities of ﬁ.Gl and 0.02 w/= Ifollewed by 3 transitionm 1o the
"churn turbulenl ™ [low regime in *he absence of foam. Howewver, in rine

whers foim was prosent, the *homogenesus bubbling" repige was followed




by the "foamy" regime (for the velocity range 0.03 to 0.05 m/s), after

which a transition to the "churn-turbulent" flow regime occurred,

During gas hold-up measurements in the small (0.051 m ID) and large
(0.22% m ID) glass columns, the flow field near the wall, at heights of
approximately 0.45 m, 1.2 m and 2.1 m above the distributer, was
photographed with a Canon 35 mm SLR camera and also recorded with a wvideo
camera (Hitachi, Model GP-35AU) . Based on the photographs, video tapes, and

visual observations recorded during the experiments, the following

qualitative remarks of the flow field can be made.

A.1., Small Column (§.051 m ID)

A.l.a. Effect of Superficial Gas Velocity

The effect of superficigl gas velocity on bubbles produced in FT-300
wax at 265°C, wusing the 4.0 mm single orifice plate distributor, is
illustrated in pﬁotographs taken at a distance of approximately 1.2 m above
the distributor (Figure V-2). At a velocity of 0.02 m/s (Figure v-2a),
majority of the bubbles are distributed in two size ranges; medium size
bubbles (4-6 mm in diameter) and small bubbles (< 2 mm in diameter). Scone
large bubbles are also present (30-40 mm in diameter), however, these are
not visible in Figure V-2a probably due to their tendency to remain near
the center of the column. At 0.03 m/s (Figure V-2b), the density of bubbles
inchASes. and a wide bubble size distribution 1is evident. At this
velocity, slugs start appearing at a height of 1.2 m above the distributer
(not visible in Figure V-2b}. At velocities of 0.02 and 0.03 m/s the flow
regime may be characterized as the transition regime between the ideal
bubbly regime and the "slug flow" regime. At 0.04 m/s (Figure V-2¢), the

density of bubbles further increases and part of a large bubble can be seen
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FIGURE V-2
EFFECT OF SUPERFICIAL GAS VELOCITY

4.0 mm SINGLE ORIFICE DISTRIBUTOR

c. 0.04 m/s - d. 0.09 m/s

SCALE: - ,  25.4 mm ..
HEIGHT = 1.2 m; T = 265 °C; d, = 0.051 m; FT-300 WAX
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in the lower right hand side cérner.‘ At this gas veloqitﬁ,rthe "slug fiow"
regime prevaiis. At 0.09 m/s (Figure v-Zd), slugs are easily obsexrved.
These slugs are sur:ounded by fine bubbles (< 1 mm in dlameter), as well as
by a few larger bubbles (3-5 mm in diameter) . in diameter. Similar

observations were made when the 1.85 mm single orifice plate distributor

was used.

A.1l.b. Effect of Distributor Type

The effect of distributor type at a superficiai gas velocity of 0.01
m/s, wusing FT-300 wax as the liquid medium at a temperature.of 265 °C, 1is
shown in Figure V-3. The bubbles produced with the 40 pm SMP distributoer
are smaller and more uniform than the bubbles produced using the 4.0 mm
6rifice plate. The effect of height above the distributor on bubble size
is also shown in this figure. The bubble size distribution aoes not change
with height for the SMP distributor (Figures V-3a and V-3c¢). On the other
ﬁand, the 4.0 mm single orifice distributor produces a wide bubble size
distribution near the distributor (Figure V-3b). As the height increases
(Figure V-3d) bubble coalescence and breakup occur and two groups‘ of
bubbles become dominant (larger bubbles 4-6 mm in .diamgter,r and fine
bubbles less than 1 mm). The vertical black lines in Figures V-3¢ and V-3d
represént a portion of the thérmocouple well (4.76 mm in diameter).

Figure V-4 compafes the flow field obtained using the 1.85 mm orifice
plate with that obtained using the 40 um SMP at 0.(07 m/s in the slug £flow
regime (foam was not present) using FT-300 wax at 265 ° C, All photographs
were taken at a height of 1.2 m above the distributor. Figures V-4a and-
V-4b show slugs (only the bottom portion of a slug leaving the field of

view can be seen in Figure V-4a), accompanied by many fine bubbles (< 1 mm
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FIGURE V-3

EFFECT OF DISTRIBUTOR AND
HEIGHT ABOVE THE DISTRIBUTOR -

40 um SMP

R

d2.1m

SCALE: +———— 25.4 mm | o

ug = 0.01 m/s; T = 265 °C; dg = 0.051 m; FT-300 WAX
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EFFECT OF DISTRIBUTOR
SLUG FLOW REGI

c. absence of slug d. absence of slug

SCALE: | 25.4 mm
= 0.07 m/s: HEIGHT = 1.2 m; T = 265 °C;

L
g~ ool
d, = 0.051 m; FT-300 WAX
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in diasmetar). produced whern the SHP and thg 1.5 1m orifice plete
distributor, respectively, were used. There was na noidiceshls diZference
in the siugs formzd in the wwe cases. Fipures V-4e¢ znd VY-4¢ are at the =ame
height ard welocity as Figures V-4a and V-&b, howsver, they show tha {Tow
Zield fn thes shsence of slugs. Ohee sgsin, thers is mo chvieus fiffsrence
in the bubbles produced by the tws Zifferent iistributurs_in the slug Flow
Tegime, whe foam is nas preszeat.

Figare V-5 shows foam producsd br the 40 um SMP and the 1.8 mn
orifice plate distribuzer &t 265 °C with FT-200 wax at & welocity of 5,072
mfs.  Fur expariments condicted with che SHP disztributer in the “foamy"
regime, phetos were faken only at & height ¢f 1.2 » sbhove the dictrilicior
since toam usually f£illed the enilre column snd chere was aot a onoticeable
difference Tbetwesn the foam at the bottom and che top of the gas-lLiguic
dizperzion, Figure V-5a shoews foar proaduced by the ZED diztributer at =z
height of 1.2 m sbove the dictributor. For cxporiments conducted wish <hke
L.85% me orifice plate clstzibutor, foam usually appersred only at the sop of
the colwnn. Fiéure ¥-5b shows foam produszed by tha 1.85 mm orifice plate
diztributer at a heipht of 2.1 m stove the distribuzer. Figures W-33 and
V-3b alse show chat the aversge size of bublles procuczd by the two
differant distributors is similar and ecnslsts of bubbles less than 1 aw in
dlameter. The foswm assuclated with the SXNP Alstributor 1g eomposed of
bubkles eof a wniform slzs, vherezs, foom predeced wich the 2,85 mm oriice
rlate distributer consists of a wider range of bubbie sizas.

8.Y.c. Effect of Heioht abiowws ‘b Distributrer

Flpure V-6 shows tha effect of heipht abowve the distributor on bubbles

formec, when the 1.B3 mm orifice plate cistributcr was oxed, at velpoities

aE




FIGURE V-5
EFFECT OF DISTRIBUTOR
FOAMY REGIME

SCALE: v 25.4 mm
ug = 0.03 m/s; T = 265 °C; d, = 0.051 m; FT-300 WAX

Lut
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of 0.93 and 0.07 wm/s, anéd at heights of 0,43 and 2.1 m aSove the
 Glstributor. All  photographs were taken wusing FI-30C wax as th: liquid
cedium et A temperatures of 263 *C. At a velsecisv of 0.03 ofs theve is a
consliterabie differenre in the bubble: produced nesr the distrisuretr and as
the top of the dlgpersion { Figurss V-6éa and V-62, respectively). The
bubble size distribution mear the distributor is wide, with large bubkles
{10-20 me in diamster), intermadiate 2fze bubbles ¢(2-F mm in diameter), and
sma’l bubbles f<.l mn in diameter) being present. Howewer, at a hefigne of
2.1 m aheve the cistributer, the distribution ie narrower, with a greatar
concentratien of smell bubblss (< P mr in dlareter} and relatively few
large bubbles, At 0.07 m/s (Flgures V-6b and V-4d), theres are eszentially
1o medium size or large hubbles present ar 2.1 ﬁ above the distriouter
percept for slugs, which are nDtIVisible in the Figure), Wheyeas, =t. a
helight of 0.4% m ahove the diztributor, the bubble size dissribution is
significantly wider tham et 2.1 m, At tois heipght latge bubbles, nssrly
filling the entire colusm cross-sectinn:, were often shserved,
.1 .d. 8lug Freouensy
For mgjerity of the experimests wuvencunted wich sn orifies slcore
iscributer, e slug  fraquency, regzsrdless of ligquid mediuz, goes
through a ioeal maximam  followed by.a 1§cal winimez, after which it
tncreases gradually wirh gae velaefty. The slug <Sregueney was  sessured
at approrimately 0.3 m below the tep of the ewpsndad lewsl . Fipure V-
! s£5w5 the slug Trequency =s a functien of  cuporfielal E&S
velocity for peraffin wemes (FT-3039 apd ET-200) and dis<illed warer.
Accurate measurements of =he =zlug Ereeuancy for Rasol apnd  Mobil rsacter

WwEXes could not be made duz to the dzxz nature of the waixos, £z carr ba




FIGURE V-6

EFFECT OF HEIGHT ABOVE THE DISTRIBUTOR
AND SUPERFICIAL GAS VELOCITY

1.85 mm SINGLE ORIFICE DISTRIBUTOR

g, 0.03 mis: 2.1 m d. 0.07 m/s; 21 m

SCALE: + s 254 mm; Figures 2 and ¢
SCALE: ——— 254 mm; Figures b and d
T = 268 °C; d, = 0.051 ny; FT-200 WAX
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seen from Figure V-7, the slug frequency for each medium goes through a

local maximum followed by a local minimum. Similar results were  obtained

by ©Ohki and 1Inoue (1970) in an air-tap water systenm. This type of
behavior can be explained as follows. Initially, the number of slugs
increases until the slug frequency reaches a maximum. At this point,

the slugs begin to interact with one another, becoming longer; hence, the
frequency of the observed slugs decreases. This decrease in frequency
with increasing gas velocity continues till a maximum stable slug size is
reached. This corresponds to the local minimum value of the slug frequency.
Since slugs do not appear to grow in length beyond this point, a further
increase in the gas flow rate causes the slug frequency to increase.
For all three liquid mediums & maximum slug frequency occurred between
0.04 and 0.05 m/s. For FT-300 and FT-200 waxes, the minimum occurred at
0.07 m/s while with water the minimum occurred at 0.09 m/s. The slug
frequencies assoclated with water at all velocities were less than those
of either waxes. Tﬂis is pfobably due to the fact that significantly
longer slugs were formed 1in the experiments with water than in the
experiment; with wax. For wvelocities lesé than 0.07 m/s, the slug
frequency of FT-200 was less than that of FT-300. This is probably due to
the fact that FT-200 produces fewer large bubbles (i.e. fewer and smaller
slugs); hence, the slug frequency is smaller.

Figure V-8  shows the slug frequency as a function of gas
velocity for FT-300, FT-200, and water for experiments conducted with the
40 pm SMP distributor. For FT-300 and FT-200 waxes, the slug fregquency
increases with an increase in gas velocity and levels off (FT-300C - 2.0

slugs/s; FT-200 - 1.2 slugs/s). This is prebably caused by the large

]
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amounts of foam present which pfevent significant bubble
interaction. On the other hand, the slug freguency did go through a
maximum (1.5 slugs/s) between 0.04 and 0.07 m/s for the experiment
conducted vith distilled water (i.e. no foam present). As‘seen with the
1.85 mm distributor,‘ fhe slﬁg frequency associated with FT-200 was
significantly less than that of FT-300.

A.2. Larpge Columns ¢0.229-0.241 m ID)

The major difference betwéen the flow regimes present in the 0.051 m
ID column and those present in the large columns (0.229-0.241 m ID) is the
absence of slugs in the latter. In the absence of foam, the "churn-
turbulent” flow regime prevai;s in.the larpe columns for velocities of 0.02
m/s and higher. Observaﬁions.made during experiments conducted with FT-300
wax at 265°C using a 19X1.85 mm perforated glate distributor are discussed
here. At a gas velocity of 0.01 m/s and a height of 10.3 n above the
distributoer, sm#ll bubbles (1.0 - 5.0 mm in diameter) and fine bubbles
(less than 1 mm) were present. Occasionally, larger bubbles (10.0 - 20.0
mm) appeared. The fraction of fine bubbles increases with column height.
As the velocity was increased, local circulation patterns are observed in
the column with the small and fine bubbles moving downwards near the wall
of the column. At a velocity of 0.03 m/s, large bubbles, approximately
50.0 mm in diameter, .were seen bursting at the top of ;he dispersion.
At velocities of 0.09 and 0.12 m/s the fraction of large bubbles (50.0 mm
in diameter)  Increased, and swirling patterns were observed in the
liquid. The flow regime at 0.0l m/s may be characterized as the ideal
bubbly flow regime and at higher wvelocities as the "churn-turbulent” flow

regime. During runs when foam was produced, the ideal bubbly flow regime
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wag foliowed by the "foemy* reglme, This regime wsuelly prevailed over the
velocity range 0.02-0.05 E?S. Beyond this point a tramsition to the "chburn-
turhulent® ficw regime took place, Thé amount of feam produced during runs
in the 0.22% » I} columne was lower than that produced Ip the 0.051 n  ID
column with the erifice plate distributor.

& viewlng port was constructed which enzbled us to take choteprapbs of
bubbles &t spproximately 0,03 m from the center of the stulnless stesl
coluen, at a height of 1.45 m. AT & veloelry of 0.C1 m/s, it is cxpeeted
that the bubble size at the canter of the column would be approximately the
game as Fhat near :he wsll since the 1desl ‘bubbly regime preveils.
However, &t hlpher welocicies, 1t i3 expetted that larger bubbles would he
present near the center of che coluin. Flguwe ¥-9 shows rphetogvaphs
chrained at 0.01 and 0.07 @/s in the larpge glass column (a2t the walil and
in the lergs steinless steel columm fat the center). At 0.0 mic Lt
sppears that bubbles shzerved ar the wall are slightly larger than those
chserved at the cenzer {Figures V-%a and V-9b). Hawever, at (.07 m/s the
bubXles a: the wall are smaller than these near the.ccntcr {Flpures V-TJe
and ¥-54).

Sinze we were limlted to cbservations at the wail of rhe calumn and
at the tap of the liguid Iavél. ﬁo glgnificant differences ware seer  for
the other diatributers erploved in cur study or with Saszel's Arge rsacser
wex . {In the other hard, our experimentes condusted with distilled .WE:ET
showed &  significart iIncremse i the  fraction of larze  bubblec

{30 mm in diameter} and essentially no bubbles less whan 5 mwm in cismeter.
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FIGURE V-9
EFFECT OF RADIAL DISTANCE

0.228 m ID Glass
height = 1.2 m

¢c. 0.07 m/is; at wall

-
Lo

CALE:

0.241mID SS
height = 145 m

d. 0.07 m/3s; 0.03 m from center

25.4 mm; Figures a, b, & d

SCALE: +
T = 265 °C: FT-300 WAX

+ 25.4 mm; Figure ¢



