SECTION 2

PROBES AND OWE-DIMEINSIONAL MODBELS




2.1 INTRODUGTICN

This section of tre report presents cirgulation résults abtainer from a
laboratory scele bupble zolumn, and démonstrates that one dimensional models
meet with success in predicting circulatien rate in tall columng,

o, LITERATURE REVIEW

The vast majority of circulation research ha=s been performed on air-water
bubble columns, but this cen be extended in prfnciple to the case of
Fisemer—Tropsch column provided that the fluid properties of the pulp are
proparly considered. Several bubble column ressarchars have accounted for
c1rcu1atiuﬁ by modeling the soverall holdup of gas in the column (see the
raviaws by Lockett and Kirkpatrick, 1975 and Shah &t al,, 1382 and the paper
by Deckwer et al., 1374) but this approach is not general and cannot be used

te infer tha actual fluid velocity distribution 1a tha vessel, For one

dimensional analytic mudels, circulatdion is ysually guantified in terms of the

valonity distribution across the diameter at half of the column height.
Usyaily the velopcity near the centear is upward while the velocity near the
wall 43 downward although raverse circulation has been documentad and mors
compley patterns ere passible In larga columns,  Similar distributians in
gas—liquid bubble columns have baen ma-ﬁsured ar propesed by ma;hjr different
workers for a variaty of column diameters (Rietema and Ottengraf, 1570; Hills,
1974; Rietema, 1982; Freedman and Davidsom, 1969; Lamont, 1958, Steincmann and
Buckholz, 1584) but Tittlse thacratical ﬂﬁé1y51s is given in tha 1{tarature,
Ristama and Ottengraf (39707 preagnted an analysis for the circulation in
a Heawboniat viscous Tliguid, while Hillas (1974) gxamined turbulent air-water
flow in a column and offerec a model which used a force balancs and a simple
eddy viscosity model. A more detailed analysis aléng thease lings has been

presanted by Miyauchi et al. (1981) but alse invoives simplifying assusptions

A




gbout fluid shear stress which mey rot hold true in  real column circulation.
A model for circuiation in Pachuca tenws ({lark, 1984} was restricted to
vessels with draft tubes. Clark et al. (195?] developed a model based on
simple mixing length theory, and a similar model using two miking lengthks has
been offered by Mithaelides and Hikitopoulos (1987). Anderson and Rice (19ED)
have =2lsoc offered an elegart mixing length approack, whila a more
phanomenoiagical analysis has been aoffered by #olerus and Kurtin {1988],
However, there 15 =stii)l & need for aoditicnal accurate data on  woid
distributions and circulation velocities in bubble columnz o verify the
appi1cati&n of these models Over a broad range of column sizes and cpeEreting
canditians,
2.3 EAPERIMENTAL AFPARATUS AND APPROACH

A hollow cylingrical bubbie column was. designed to study gas-liguid
circulation, It was constructed out of quarter-ingh thick and gight ingh
internal diameter acrylic tubing. The column was composed of thras attachable
thirty inch sections. Each section has twe, threz guarter-inch flangez zo
that each piege could be bolted together. Ta prevent leaking between egach
sectian, O-rings were placed in the flangs on the top section. The rezson for
having threa sections wac that it allowsd for the column to ba taken apart,
transporigd, and placed together again with the least rizk of possible damage
o the Cﬂ]um_ﬂ. Also, with three sections, the distributor plate can be
changed easily. Banesth the celumn, 2 nine inch plenum of the same diamatar
as the column was Tocated. To mzke surs that the enlumn was perfectiy
horizontal, four adjustable screws are plaged at the battem of the stand.
Figure 2.1 shows & schematic ¢f the column.

Along  the column walls, two resistance port holes  ware Flaced
perpendicular to one another at g£ix inch vertical intervals. The port holes

are tapped with quarter-inch NPT, The two probe ports at sach Feight allow
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for reagings across two orthogonal diametars 50 that data can pe taken varigus
tjocations in the column to give @ gopd evaluation of the circuiation péttarns.

Tha atr needed for the project was supplied from shop source. A préssure
regulator was used io cartral air flowrate, The &ir was legd throuah &
derumidifier and then entered & Dwyer 1-10 SCFM air flowmeter, Flowrates read
were for pressures at standard conditions {14.7 1b/12%).  when the flowmeter
nperated at higher pressurs, & correction was needed Lo caleulate the trus
fliowrate.

From the flowmeter, the air was introduced into the plenum.  Air passed
through a distributer plate into the bettom af the coclumn. The plate used was
designed to given an even distributien of air, as -shown in Figure 2.2,

Te acgquire local data, resistanca probes were used., Resiztance probes
have been used previously (Herringe & Davis {1974} and Nassos & Bankofi
{1957}) to mzasure the differences in resiztance from the probe tip being in a
bubbls ar immersed 1n liguid. . These probes ware used to -estimate =
time-average local watd fractien,

In using resistance prnbes; the production and ma1ntanancé of such probes
are very fmportant in recaiving reliable results. The desicn of & resistance
probe is shown in Figure 2.3: the only location on the probe that should
datect a bubble or liguid is at its tip. This i2 an tmpart&nt consideratiéﬂ
when measuring local void fraction or bubble velocities. Since the results
are supposed to be local, any part of the probe except far the tip detecting
pubblet or 1iquid would be vnacceptable, Ta insure that the probe tip.was the
anly place uninsulated, the probe was checked on & regular basis. If the
uﬁinsu1ated tip becemes too big, smaller huﬁb}es could go by undetected and
the rescarcher would signff1cant1y under—-estimate the ioeal wvold fraction.
Alss, the size of the needle was important. The bigger the needle, the more

obtrusive the probe becomes to the overall circulation pattern and the chance

.--""‘1.\.
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that a bubble could deflect away because of 1ts size is increased.

The manufacturing of a good resistance probe was a delicate process.
First, a thin stainless steel sewing needle was bent at an angle of
approximately.dsn. The eye of the needle was soldered to some fine insulated
wire. Next the wire was passed through a twelve inch length of 12-gauge
stainless steel tubing. The tubing has an outer diameter of 0.11 inches with
a wall thickness of 0.011 inches. The needle was now spray-painted to make it
insulated from the tubing. With a strong epoxy, a length of the needie was
glued into the inside of the tubing leaving the tip protruding. If the needle

“remained insulated from the tubing, the resistance probé had been manufactured
successfully. If this waé not achieved, the probe would not be abie to detect
a bupb1e or iiquid at its tip. This problem . was eas1iy checked with a
resistance measurement. |

with a spccessfui probe made, one final step was needed to complete the
process. To produce a conducting tip, the needle tip was abraded with fine
sandpaper; To he]p 1{m1t long term electro chemical effects (Galaup, 1975),
the neédTe was re-painted and sanded regulariy.

Besides estimating local void fractions, this research was intended to
estimate local bubble velocities. In order to do this, a different double
resistance pfobe was needed. This probe contained two needles (Herringe &
Davis, 1976) with one directly above the other (as shown in Fiﬁure 2.4). The
same steps taken to make the single probe also applied in making the double
probe.

In the coi]ection of experimental data, the resistance .probe, an
intermediate circuit and the data acquisition board in a Zenith computef were
the main components. To help take the data aﬁd reduce 1t, computer programs
were written with the software package Microsoft Quickbasic 3.0, The

schematic of the intermediate circuit for the data acquisition system {is shown



111 Fig-:Jre 2.5,

Tne probe andcircuib supplied close to zern voltage to a data acquisition
tward when the probe tip is in & bubble because tha circuit was broken hetween
the ;.:rrutae tip and tubing, Wwhen the probe Yip was immersed in a liguid, tha
cireuit was completed and & voltaga was read betwsen 2,5-3.358Y,  This
variation of 0.75 was believed te be due to the elactrochemical effects caused
by the use of a direct current ¢ircuit and by variations between different
probe tips. Galaup (1975) discussed the usa of an glternating sinysaidel
current supply, which greatly reduces the ercsion to the probe tip. Howaver,
for this approach to be effective, Galaup atated thet the fraguency of the
supply woltage had to be much grester than the frequency of the phencmenon
baing studied. With the constant checking of the probe ti;':.the use of an A
¢ireuit did not probe necesszary during the present research.

In tha circuit shown in Figure 2.5, there is an extra resistor of 10
along the common around 1ine., This resistor croated a grna'l:ar" yaitdge drop
From when the probe was 1n a bubble or liguid. If this resistor was removed,
tha valtage of the probe in liguid read around Q.7 volts,

It theary, the signal from the probe should display a square wive with
cne gutput veltags representing a bubble and the other output woltaege 1iquid.
From wiewing Figure 2.6, t_he.tra_n.:e is far from being 2 squara wave. Dus to
tha finite tip s1ze and tha tire taken for the 11guid f+im Lo drain from or
refom on the tip, the signal becm.'_. maore rounded. Hence the resclts for a
time-averaged local voidage are underestimated if & tkreshald voltage is not.
carefully chosan. A threshold voltage s & culeff point above wh‘!ch the
signal voltage represents a liguid and belaw which it represents a bubbla. &
nenly davaloped protocal for identifying the hest threshold woltage is
dizcussed later in this section. |

S8ince the probe's purpose was to detecst the bubbles or Tiquid, a dats
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acquisition board was needed to enact the probe, take the data, and reduce the
data so that it can be analyzed. The data acquisition board used was a
RTI-815-F from Analog Devices (Norwood, MA). With the compatible software
language Quickbasic, the acquisition board acted as an interface between the
resistance probe and the Zenith 2266 PC. This board has various
analog/digital, input/output, and time related functions. For this reseafch,
the analog inputs were multi-plexed to alTog for 32 single-ended and 32
pseudo-differential input channels., The board has a 12-bit analog-to-digital
converter. This constitutes a conversion resolution of 4096 counts over input
signals ranging from —10V to +10V (1 count ~ 4.88 mv). The board also has the
abitity to amplify a low-level signal and take data at a maximum speed of
71,400 MHz. The board was operated in the Direct Memory Access (DMA) mode.
When the DMA is accessed, the computer's microprocessor gives up its control

to the DMA controller. By skipping over the micropressor, data can be taken

- rapidly and stored in Random Access Memory (RAM) until it is needed. Once all

the data is taken, the microprocessor regains control of the RAM.

The process of taking data involved three subroutines from the RTI board
tibrary. They were called .the Initialize, Scan, and Check routines. The
Initialize routine reads the hardware configuration data from the disk. It
clears all previously defined logical channel definitions and makes sure the
DMA buffer allocated. If either is not achieved, an error code is returned.
Before the data acquisition begins, the Initialize routine must be executed.
The next routine implemented was SCAN. This routine reads a specified number
of analog inputs into DMA bﬁffer from multiple channels. It goes to the
channel specified and then 190ps continucusly over the 32 input channels until
the number data points specified 1s reached. To allow for all 32 1nput.
channels to be used, and ACi585-1 Screw Termination Panel was added to the

board. This extension is displayed in Figure 2.7. Only two 1input channels



are dirastly cannectad to the probas, However, the cther crnannels are ]inked
to the two main channeis to allow for the probe te taka readings on all 22
chanrels, The last routine wsed wag the CHECK routine, The CHECK routine
tests for the completion of the SCAN and CQOLLEGT operations.

In estimating the glopal void fraction or the overall gas hold-up, the
mixtura axpansicn was meesured. A3 Hilla (1474} and Molerus {1985) discussec,
this theory comparss the volume of an unasrated liguic phase to & new aeratad
volue of & gas-liguid mixture. Since the column used has & congtant
cross-sagtional area, the .gluha'i void fraction was estimated by the
comparisens of the hai'ghts befora and after aeration. The equation for the

glaokal void fractien is

E - H- - HL
" H
n
whars
H = height of two—phase gas-liguid mixiura
K = tight of singis-phase Yiguid before ascation

£ = g‘l.obu‘l vyoid fraction

& probiem with the mixture E.r.pans;mn is estimating the height of the
colunn once the air is introduced. As Molerus (19851 obssrvad, at high
flowrates, a Toam region appears &zt tha top of tha mixture. The foam was not
considered whan astimating tihne height, H_, in the colymn, From ocbservation,
there are not any ¢irculation patterns ggqurring in this region, Ms'u, the
mixture density 1n this foal wWas considerably less than the averags density of
the gaeg and 1iguid in the tulk of the alumn. It was for theze two reazons
that the foam region was disregarded. In this research, the mixture expansion
wes used solely es a compariscn tool to verify resistance probe data. Thiz

comparisaon pruﬂded a chack on Eha reliability of the reagiztanca probas, by
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coﬁparing global holdup measured in the column.

In estimating the local void fraction, the method used to determine the
threshold voltage was very important: If the threshold voltage was not chosen
wisely, the local void fraction would be underestimated or overestimated,
Previous workers havé generally used a Schmitt trigger to perform this
function, but in the present work it was implemented with software. A program
was written to collect the voltage from the probe at a large  number of
discrete times (géner311y 1000). Each voltage was then examined to see
whether a bubble or Tliquid was present at the probe at that time, and a
time-averaged gas void fraction was computed. To establish a cutoff voltage,
the probe was operated at a fixed point with constant two phase flow
conditions in the column. During preliminary work time-averaged void fraction
was computed using tentative threshold voltages varying from 0 to 3V, and =8
voltage of 1.625V was selected as a good threshold voltage in the preliminary’
research since this lay on the “plateau” of a plot of measured void fraction
against threshoid voltage. |

Subsequent analysis of high-speed traces of the probe voltage gigna] has
demonstratea that this primitjve thresholding was unsatisfactory. Also,
comparison of increase in column height, with the Jocal measured void fraction
integrated throughout the column volume has shown that the probe with
primitive thresholding may underestimate void fraction by as much as 40%. The.
trace in figurerz.e, showing voltage versus time for a probe in the B-inch
diameter column, demonstrates that the probe signal is certainly not a squaré
wave. Brief intersections with bubbles lead to a small voltage drop, which
may not be detected by the primitive thresholding, and more significant
intersections sti1!' show a finite rate of voltage drop and rise.- The
investigators have concluded from these traces and from cumulative frequency

plots of measured §o1tage (see figures 2.8 -and 2.9)that a better threshold is
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a valtage which 1% wary s1igHtlr luwér than the typical ua]tagé when the tip
is in water. A final critericn chosen for the threshold was 0.025Y lass than
;he' voltage &t the .Eﬂth percentite on the oumulative Fraguancy plot of
voltage, this aercen£11e being an excellent estimate of the probe woltage in
watar. Since measured fuid fractions are slways less than 50%, this approach
proves to be reliable and quite objeciiva, The new thresholding criterion has
led ta an dimprovement in void fractian measurement: the -yoid fraction
measured by the probes 48 then less than 10% lowar then the woid fraction
imp1ied:hy :u1uﬁn axpansion,

voidags profiles at various naights and flowrates could now be messurad
with a reliable method nfl astimating the threshold voltage. Fzr the
experimental analysis, voidsge profiles were deveioped at three heights of
ong, tug} -and thres feet of water sach subaequently serated with 4.6, 7.3,
and 10.4 CFM of air. To show the circu1a£1nn dayelopment, the probe was
insertad at various heishts In thé column, Tn.abtn1n &n accurgte time avarage
gver a lony time psrigd, ten rung of 00 readings at 2.5 points per second
were taken. Ta echeck the coﬁsistencies_uf thea probas, a sample sfandard

deviation for small sets of experiments! data was calcuwiated ustng the

equation:
H |
a = z f [Eave = E'ETJJ'E
121 N-1 ]
whera a = sample standard daviation

N = numher of exparimental tests

£ave T AvErage of pxperimental tasts
The probe tip was placed an inch from the far column wall and moved away from
the wall in una_incﬁ 1ncréments urti]1 tha tip waz an tpch from the prabe port
gpening in the near side wall, At the same time, a zecund profiie was

developad perpendicular to the other profiles at the same height, This glves &

more 3-dimensjonal impression of the girculation process, and 1L atso sarves:
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as a check on the probes. Instead of one local void fraction, there are two
Tocal void fractions (which should be quite simi1ar)rat each radius. The
results should be similar because the column was level, air was introduced
evenly through the distributor plate, and the circulation should be
symmetrical. If the results from the two probes varied too much, it was found
that one of the probes was not functioﬁing properly. In this instance, the
faulty probe was remcved and replaced.

In estimating the bubble velocity in the bubble column, two different
approaches were taken. Wwith each method, the technique had to be able to
estimate bubble velocities ranging from ~20 to 50 in/s. This range was found
by adding the expected bubble slip velocity (Serizawa et al, 1974a) to the
expected circulation velocities found using one-dimensional theory and the
measured void profile. The first approach used a cross-correlation technique
to estimate an overall bubble velocity, while the other method measuredr
individual bubble veiocities. In both techniques, the results were not very
reliable,. However, 1in the center of the column, the resuits were more
‘acceptab1e.

Bubble velocities were determined in a circulating system (initially two
feet of water), at 6", 12", 18", and 24" above the distributor plate, and at
air flowrates of 4.6, 7.3, and 10.4 CFM. From these results, a liquid
velocity profile could be compared with the one dimensional force balance
approach. The distance between the Jlower and upper probe tip was 3/8". .
Velocity data was taken at a sampling rate of 2000Hz (1000 Hz per probe tip)

for eight seconds.

The cross-correlation technique (Herringe & Davis, 1974b and Serizawa et
al, 1974) searches for a time delay between probe tips by multiplying the
signal from the lower probe by the signal of the upper probe s moment of tiﬁe,

At, later, and then determining the At for which this product 1s a maximum.
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The sigrals of the twc probes are multiplied agcording te the followirg

aquaton:
T
Flat) = I v (L (t+4)
el
where F{At) = sum of mu1t1pliad sigﬁa1s At & specified time delay
¥ (1) = signal of lower probe

?u[t+ﬁt} = signal of upper probe
To 11luatrate this point Figure 2.10 shows an actual experimental tracas
-uf_ the signals from the two probe tips and Figure 2.11 displays tha
cress=correlation technique determining the time dalay between probe tips.

With the time deley known, the actual velocity can now be calculated by the

aguation
Ax
¥, =z
B btA
where . ?E = bubble velocity
&a = probe Lip separation

ﬁth = actugl time delsy X

To relete 1iquid end bubble velocity,

VvV -\ &+ ¥

E L b
whers v, = bubble velocity 1n circuiation relative to cplumn
vL 2 liquid velocity
v, = rise velacity of a single bubbhle in quiescent fluid

The rize velpcity of a 3ingle bubble can be (Harmathy, 1960) calculated

b¥ the equatian: 1i4

Y . 1.53[5%]

L4
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surface tension between air and water

where g =
g = gravity
Ap = difference in density between air and water
e. = liquid density

This equation applies for bubble sizes ranging from 2-30 mm which were the
approxiﬁate size of the bubbles seen in the column. In this way 1liquid
velocities could be inferred from probe measurements.

To test the cross-correlation approach, an attempt to measure a single
bubble’s velocity was made. Quarter-inch nominal diameter tubing was attached
to the air supply. The tubing was placed through a probe port in the column
and the end of the tubing was located at the center of the column. Next, the
double resistance probe was inserted above the tubing so that bubbles from the
tubing could impact the probe. Air was then introduced into the column at
such a tow flowrate that individual bubbles rose from the tubing periodically.
As the isolated bubees'approached the probe, the data acquisition program was
started and the probe took data. A trace of two bubbles impacting the dual
prcbe is displayed in Figure 2.12. The cross-correlation program estimated a
bubble velocity of 10.2 in/s. These results coincide with the single bubble
theory, and it also demonstrates the accuracy and ability of the
cross-correlation technique to measure the rise velocity of a single bubble.

Implementing the cross-correlation technique was accomplished through the
use of computer software. The technique was broken into two programs with one
taking and storing the data while the other program retrieved the data and
reduced it. The first program, RAWDATA, was identical to the data taking
process for the local void fraction with the only exception being the sampling

rate. The CORRELATION program began with retrieving the stored data and

'separating the data into the lower and upper probe arrays. Another program
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was also written that could measure individual bubble velocities {termed the
"window” method)., Berizawa et al, (1974) usea & similar approach called the
. "Hulti-channe Tachniqué". Trey took down the time a bubblie hit the lower and
upper probe and with the separﬂtfon between the probes known, the velocity of
that individual bubble during circulation could be caleulated. Im this caze
the RAWOATA program was used agein for the data tak{ng process. Also, tha
technique used to determire a thragholg voitaga of each probe was implemented
in the program REQUCTION to deteérmine the precise time a bubkle Wit esnd left
the two probes. Thit dats was stored in data files ard recuced tater in the
WINDOW program.

The WINOGDW program tekes the time a bubble impacts the iower proba and
sgarches for the same bubble to kit tha upper probe within a specified time
frame or “window frame". This window freme was based on tha expected bubblae
velocity found from one dimensional theary., From the oredicted velocity the
window frame was opensd up to look at times renrasenﬂﬁg 50%x before and after
the expected bubiia velacity., After B bubble impacts the Tower probe, soveral
scenarics are possible.  Serizawa et al, (1974) noted (2.} the bubble does
not kit the ;ecund probe uithin the time span, (b.) the bubble deflects and
misses the prope, and (.Y another bBubble reaches the wpper probe before the

" first bubbla arrives. BSee figure 2.13. There are two other possibilitias
that could affect this technigue. Orne possibility ds if a bubble hits tha
lower probe away from the center, the bubble could deflect and hit the upper
probe centrally.  Thiz would cauvse an overestimation #n tha bubkle velecity,
The oilher possibility wae just the oppostte, In this case, & bubbla soutd nit
the Tower proba at its canter and daflect to where the bubble would impact tha
upper probe at its side. Th!s case would cause an underestimation of tha
bubble velocity. Figura 2.13 d15p1ar§ all the possibiiitias ie=ading to

velocity nalasktimation,

la
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in the WINDOW program when a bubble was found st the vpper probe within

the wingow framg, the follewing egquation was executed:

Is, - s,] *+ [E, - E]

muiL =
2

where muit = time delay for individual bubble

5 = starting time of bubbla on lowar probe

starting time of bubbla o upper probe

o
n

E = ending tima of bubble on lower probe
E = ending time of bubble on upper probs
Te wmake sure Lhet the bubbie on the upper probe was not computed with ancther
bubble on the Tower probe, & string condit{on was placed an it to disa?low the
pubbie from further computations. Wwhen there was not 8 buhble on the upper
probe within the time freme, a new starting time for a bubbie on the lowar
probe was found and the process repeated itself. while Berizewa et al, [1374)
otily used the starting times, the ending times on the probes were uszed in this
researcn to help comperisate for the under End overestimaticns deronstrated in
Fégure 2.13. A1l the time delays for tbe individual bubbles were totaled and
avaraged to find the actual time delay between the probe tips.
2.4 EXPERIMENTAL RESULTS
The resuvits fQUnd for the Tocal wvoid fragtisn warg reliable, In
comparison with the expansion of the miature upon aeratign: the local void
Fractiom was underestimated by only &-15% a3 shown in TabTé 2.1. Mith this
small error, tha threshold technigue described above was ta2kan to be reljable,
since sgms phdarestimation might be expected dug te deflecticn of bubhles from

the preoba.

VYoid fracticn prpofites were measured across the column diameter for the

following conditions: at 1, 2 and 3 feet of unaarated water in the column, at
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