II1. LITERATURE REVIEW

There is a wvast amount of literature on hydrodynamics of bubBle
columns with gas-liquid systems (primarily air-water or other pure
liquids), and several good reviews are available (e.g. Van Landeghem, 1980;
Ostergaard, 1980; Shah et al., 1982; Heijnen and Van't Riet, 1984).
Hydrodynamic parameters in systems with pure liquids (mon-foaming systems)
are significantly different than in systems which have foaming capacity
(e.g. hydrocarbon .mixtures, industrial oils particularly at Thigh
temperature and pressuré,. oxygenated impurities in hydrocarbons, aqueous
solutions of alcohels and organic acids, etec.) as shown in recent studies
by Smith, D.N. et al. (1984b), O'Dowd et al. (1985) and Shah et al. (1985).
‘This was illustrated in experiments by Quicker and Deckwer (1981) who found
th;t pure hydrocarbons with the same viscosity, density and surface tension
as Fischer-Tropsch (F-T) derived paraffin wax produce 2-3 times larger
bubbles and about one half the gas ﬁold-up produced with F-T wax. It
follows that results obtained using liquids other than F-T waxes can not be
used for design and scale-up of slurry bubble column reactors for Fischer-
Tropsch synthesis. Thus, a detailed discussion of these systems will not
be attempted here. Qualitative comparisons between results obtained in
liquids other than F-T derived waxes and those obtained with F-T waxes are
made in Sections V and VI of this report.

A summary of experimental conditions empioyed in hydrodynamic studies
with F-T derived waxes as liquid media is given in Table III-I. The major
findings from these studies can be briefly summarized as follows:

. There are virtually no experimental data obtained in large bubble

columns at high gas velocities, i.e. wunder conditions of industrial
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importance. Most of the studies were done in bubble columns with

diameters less than 0.10 m, and thus only the homogenecus (ideal

bubbly) and slug flow regimes were observed.

. The value of Sauter mean bubble diameter of ébout 0.7 mm determined by
rhotographic method in studies by Deckwer and co-workers (Zaidi et
al., 1979; Deckwer et al., 1980; Quicker and Deckwer, 1981} is not in
good agreement with that obtained in the Calderbank et =zal. (1963)
study-(~2i5 mm by light transmission method).

. There are large discrepancies in reported values o¢f gas hold-ups
obtained 1In various studies. They are caused by differet*;ces in wax
compositions, distributor design and column geometry.

. Paraffin waxes have tendency to foam, whereas most of the raw reactor
waxes do not foam (Kuo et .al. 1985).

A detailed description of the effects of operating conditions, <colunn
geometry, distributor design and wax type on the average gas hold-up and
bubble size distributicon is given below.

A. Effect of Temperature
Deckwer et al. (1980) found a significant decrease in the gas hold-up

with the increase in temperature from 180 to 240°C in the experiments in

the small diameter column (0.041 m), whereas the hold-up was essentially

independent of temperature in the larger .diameter column (0.10 m).

Contrary to this Quicker and Deckwer (1981}, and Kuo et al. (1985) found

that the hold-up increases with temperature.

In general, the 1liquid wviscosity increases as the temperature
decreases and higher liqﬁid viscosity promotes bubble coalescence. Thus,

one would expect that the hold-up would increase with temperature. The
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effart of wiscooity om the gos hold-up was wrery significans  durins the
pperation of a 1.247 m in ciameter slurry hubble reactor far F-T synthesis
({Farley and B=y, 126410, Dnring one of the pons gas nald-wp dropmed from
L3 to 12% while the siurry wiscesity inecrcaeel Trom 2 #Pa-s5 te  ovar 200
mFa's during the sape period of Cime. This large incresse in wicoosity wae
attribured ta the oresence of froe carbon, bub it iz mers likely that it

was caused by produciion of Ligh weleculsr weight products (Satrterfield et

al., L9al}.
E. Sffect of =ulids

The additicn of gollds reduces the gas hnlﬁ-up'{De:kwar et al., 1%80;
¥uo et al., 19853, This may.be viewzd 85 4 viscosity effact, sioce the
viscosity of rthe slurry Inccesses with solide :;ncentratiun. Az stated

above the hold-up is edipected to deerease es the wiscosity of the madion

incresses,
c. Effect of Pressure and Qas Tvpa
- The svstem pressure in the rappe (0.1-1.5 HMP2 dass not have an  effect

en the zas hald-up {(Dackwer, =t al., 1980; Koo =4 al., 1945%.

. Cas eype (N, or H,; deag et have 2e effect on the hold-wr (Kuo et

al., 2985).
Thece resultsz shew that the density of gas has nezligible offeet on
he gas helé-up.

L. Effsrt ol Superlicisal Gas Waloo ' tv=Flow Fegimes and Bobble Size
Distribution

The majoricty of studies listed in Teble LILl-1 were made in traletively
snell diameter ecluzns—up to 0,10 m {except Fazlzy and Pay, 1%254a,b—up o

0.25 m) and 1ow supsrficial gas velovities-up to C.06 r/c {except Farlev
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and Ray, 1964b—-up to 0.073 m/s, and Kuo et al., 1385—up to 0.12 m/s).

Deckwer and co-workers (Zaidi et al., 1979; Deckwer et al., 1980;
Quicker and Deckwer, 1981) found that the bubble size distribution is
rather uniform which characterizes the homogeneous (ideal bubbly) flow
regime. Their experiments were restricted to velocities less than 0.04
m/s, due to foaming at higher velocitles.

In Mobil's study (Kuo et al., 1985) it was found, in both short and
long columns, that bubble coalescence takes place with all types of
distributors (sintered metal plate and orifice) and that slugs start
developing at velocities between 0.02 m/s and 0.03 m/s. Slugs or slug type
bubbles were observed even in a 0.102 m diameter column. The bubbles
pfoduced by orifice plate distributors were ponuniform in size and larger
than the ones cbtained with sintered metal plate (SMP) distributers, but
the average bubble size {Sauter bubble diameter) was not determined.
Foaming was observed in experiments with a paraffin wax (tradename FT-200)
and was more pronounced with SMP distributors, giving hold-ups as high as
75%, than with the orifice plate distributors.

In summafy, the flow regimes observed in these studies with columns up
to 0.10 m in diameter were: homogeneous (ideal bubbly), slug flow or the
transition between these two flow regimes, and foaming regime.

Farley énd Ray (1964a,b) conducted studies under reacting conditiens
in a fairly large bubble column reactor with a diameter of 0.247 m where
the héterogeneous (or churn-turbulent) flow regime might be possible.
Hoﬁever, they reported results for only one value of velocity (0.673 m/s).
These results were described in‘the Section III-A. Farley and Ray (l964a)

stated that foaming occurs at low gas velocities and that it can be
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prevented by oparating the reactar at gaes velocitles preacer cthan abour
0.06 mss. In one of the experimencs they found that foam brsak-up cccurrec
when  the veloeity wes increased from 0.02 o/s to 0.05 mf=s, but the gae
Rold-un values wWeres ot rapobriec.

Sauter mean buthble diametor was determined hy Doeckwer snd  co-woreers
by photegrarhic method Ezgidi et ai., 1979, Deckwer =t al., 1980; Quitkay
and Eeukwer, 1981) and by O'Nowd el al, {IQEﬁj_by a hot wire csOeOOLeCEL.
Zaidi et al. and Deckwer 2t a_. found in experigsnts with a 72 px SMP
distributor that Sauter bulible dismecer is approvipately 9.7 mn and that it
doee mot very much with gas velocity (up ta 0.04 p/3) and temperature (250-
LéU0),  OQuicker and Deckwer made reasuremants in s &.0%5% m column ecguipped
with a 0.% mm nozzle and found thar Sauter dlsmeter dicreasas with welasity
and is less thor 1 wn for gas Valncitias-greater than ©.01 m/'s. Cantrary
ta this, 0'Dowd et al. found that Sazuter bubble diameter inoreazes with gas
veiozity from 3 mm to Z.% mm, cver the rang; of vcloeitiss (up te O.02
w/sy, for Mobil's ;eac:pr wéx from run CT-F96-4  (Pan & wax). 1n
experiments with a pars[ilc wax (P-22 wax from Fisher' ecmewhat s=maller
bubble =sizee were measured [(2.8-3.8 #in) bur similar bebsvior to the Fobhil
wax with increasing velocity wes observed,

Calderbank et al, (1963} rsportcd values ef the gas held-up ard  tha
speclfic gas-liquid interfaczial area for pas velaclbies wz to D055 mys.
The iniatisrial area was determined by Light transmiscion method. Fauter
mean diametare eztimztad from these data are betwesn 2 ard 3 oo,

Dizcrepancies in results wobhtained In dilferen: studies Tay be
attribuzed ke differences in liquiE neclum  empleved, distributer  fypesa

liquid static heights anc cxperidental technigues.
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Effect of Column Diameter

This effect wés examined by Deckwer et al. (1980) and in Mobil's study
et al., 1985).

Deckwer et al. (1980) found that the hold-up 1is essentially
independent of column diameter (0.041 and 0.10 m columns) for
temperatures greater than 250°C.

Kuo et al. (19855 found in experiments with FT-200 wax 1in short
columns (2.2 m in height) that the hold-up is somewhat greater in the
smaller diameter column (0.032 m) than in the larger one (0.0533 m ID).
This was attributed to the fact that the foam is stabilized by the
walls of the narrower column.

in _studies by HKuo et al. in tall columms (0.051 and 0.102 m in
diameter, 9.1 m in height) with dynémically similar orifice plate
distributors {same orifice hole size and same gas velocity through the
orifice) have shown ne effect of column diameter with FT-200 wax, but
higher hold-ups (about 30-&b%‘in the velocity range 0.015-0.0665 m/s)
were obtained in the larger column in experiments with reactor waxes.
(Waxes producedrdu:ing Runs CT-256-7 and CT-256-8.) In the latter
case, the higher héld—up in the larger column might have been dﬁe to
fewer and smaller slugs. However, this was mnot observed in
experiments with FI-QOO wax, Wwhere slugs are accompanied by a large
nunber of small bubbles. In this case, the contribution of slugs to
the gas hold-up is relatively less,and thus the column diameter did

not have effect on the held-up.

17
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Fffopt of Statie Liauid Heigh=

The findings from different studies may be surmarized as.fﬂllﬂws:

. He effect of liquid stetic helght or the gas beld-up was found in
studies by Declwer et al = (15803 (Hs = 0,60 —-0.95 m;, 75 pm SMP) and
Kuo er al. (19E5) with FI-200 in the .05 m coluen equipped with a 3
mn =ingle hole orifice plate {I-IE ~ 0.75-7.1.m).

. The gas hold-uvp increases ac the static haipght decresses  {Calderbank
et al.. 1263 with ball and cone discribuctoer and Hs = 2.3 and 4.4 m:
Fuo et al., 1985 with FT-200 wax, 20 wp SMP and B_- 3.05-6,40 m:.

. The gas hold-up increases with the liguid statie height (Hue et al.,
1985 with FT-200 wax, 1 mm siuele orifice and 3 x 0.5 mw arifice plaote
distributors, and statie heights of F.6 m and 4.3 m).

These contradictory resulss indicace ihat thers ex{sis an  interaction
betwean the sparger desizn, the statiz liguld heilght snd properties of the
ligiiid  medium. These factors affect the bubble coaleéscence and break-up
whichk In turn determires the gas hold-unp,

G, Effeect of Distribtwmror Tvpe
Tnis effect hasl been studled by Quicker and Declwer (159E1)  and Ly

workers at Mobil (Xue et 21_, l9ES: .

Quaicker and Deckwer (1981} obtainad highe- gas hold-ups with a =single
noerzle distributer than with a 19 = 1.1 mm perfarated plate distributor,
prabably because sf oueh higher jer velﬁai;y for the Zformer Jdistributer.
Higher et welocicy (zas welocity threugh the arifise) igplies higher
kinertls energy of the fluif which producee finer bubblaes and thus hipghkex
hald-ups. The held-ups with the single nozzrle distributer were ever Bigher

thar  thase ohtainad by Decewsrs =t 21, (1500 wick the 75 pm EMP,  which

1E
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contradicts results obtained in Mobil's study as well as in the pPresent one
(see Section V-B.5).
In Mobil’s work it was found that:

» SMP distributors produce, in general, smaller bubbles and higher hold-
ups than the orifice distributors.

. For SMP distributors, gas hold-up decreasés with the increasing mean
pore size which is accompanied by larger bubbles and less foam (short
columns 0.032 and €¢.053 m ID, 2.2 m tall}.

. Distributors with small orifices (less than 0.4 mm) can give hold-ups
similar to large-pore SMP distributors. Bubble size distributions,
thoughl are different (short columns).

. Orifice-type gas distributors give similar hold-ups when the gas jet
velocities through the holes are similar. However, 1if the orifice
diameter 1is large enough (= 1 mm) lower hold-ups will result at all
velocities (short columns).

Experiments with-different waxes were conducted only in Mobil’'s study

(Kuo et al., 19853). They found that reactor waxes give lower hold-ups

than that obtained with FT-200 wax for all types of distributors (SMF and

orifice plate). Also, unlike FT-200 wax most of the reactor waxes did not
foam (Waxes made in runs 5, 7 and 8 did not foam, whereas the wax made

during the run 4 in Mobil's pilot plant unit CT-256 produced some foam in a

run with 60 um SMP distribution at 2C00°C in the 0.053 m ID column). These

differences iIn behavior of different waxes are caused to some extent by

differences in their physical properties (primarily the wviscosity), and
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pven maTe significantlv by diflerences in Theivr compesitions. The presence
of sma_l amounts of guviscs active specles is known to have a sigaificant
effect on Tozming befavior anéd hyd-edynamlc paramsters In gas-liguid
EVELens, These recults show that the liguid medium for hvdradynamic
studies must be chesen carefully in acder to obtalr lnforwatleon useful Soz

buabhle columm reaccor deslpn.




