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CHAPTER I

INYRODUCTION

The oll crisis from the Organization of Petroleum Exvor ting Counlries {OPEC)
and the ongeing war in the Middle Trst are foading to & search far an alternaiive
source of {iels and primary chemicals. One indizecs coul honefaction process konown
z¢ Ischer-Tropsch (FT) synthesis (ie. hydrocarbon synthesis from () and Hil,
was unce used commercially to produce fuels in Germeny duricg World War 17,
The ouly commerdal scale renctors currently jn use are ihe entrained fluidized
bed (Srnthol) and fixed bed tubidar reactors Avbetisyemeinshaft Kuhrchemie  Durgd
(ARCE)} used by Sazol in Sonth Africa.

Gus-liguid bubble columns are widely wsed in indusiry as reactors, ehsorbers
sirippers, and as fermentors, Tas absence of moving parts, jow operablug cost, and
the ability to easily vary residencs times make hubhble columns excellen| contachors
znd mass trausier units, Stodies on the apﬁﬁcuticn ol slurry-phase bubbie eolumns
to Fischer-Tropsch synthesis indicate that bubbie colnmone ars more adventageous
thar fized bed resctors, because they can process low Hy /(70 ratio synthesis gas
wittout plugging the reactor or deactivating the catalysl due to carbon forrpation
(Cuiderbank cf al, 1563; Kélbel and Ralek (19803 Deckwer ef ai, 1982; Kuo,
et ul, 1385; end Sanders ef al, 1986). The ariation of ihe slarre by rising gas
bulbles provides good heat iransfer to the reactor walls oy minimizing iemperature
gradienis and eliminating Lot spots which may cause rapid ca.t_aly5t deactivation,
Moreover, bubble columns Lave higher flexibility, and lower construction costs {has

fixed bed or finidized bed reactors.

This thesis follows the style of the AJCRE Journal,
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The rate of mass iransier in bubble column reactors depends primarils op ihe

ligud-phase mass transfer cocfficient and tie gas-lguld futerlasial ares:
i i Z 1

. . o
Fag = kpgap (O — (O

-—
Jaat
=

——

where: &g is the liquid-phuse mass transfer coefiicicnt, a, is Lhe specific zas-liguid
interfacial area, C; is the concentration of compouen: ¢ in the liquid phase. and
Ci" is the equiiibiinum conecenirstion of component 1 in the liguid phase. The
liquid-phase muss transfer coefficient is a function of: physical properties of fluid,
superficial gas velocity, and bubble diameter. Tie gas-lguid interfacial area for

spherizal pubbles is defined as:

gy = 6 ey d, 1.2

where: €y, is the gas hoid-up and d, is the Sauier meun bubole diameter. The
hydrodynamic pa;t'amﬂtcrs, gas hold-up and Sauter inean diatneter, are influenced
byv:

1. Dynamic faciors

2. Geometrical characteristics of bubble columns

3. Physical properties of liquid
The first group, dynamic lactors, consists of the gas znd Hguid fow raies. The
bubble column diameter, type of gas distribntor e.g., orifices, porforated plates,
1njectors, an& sintered metal plates), and liguid stesic herght, compose the second
group; while the third group is composed of the surface tension, density, and

viscozity of the fluid.
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CHAPTEWR 11
LITERATURE REVIEW
A. Gas Flow in Bubble Columns

The flowr of gas in bubble columns can be charasterized by three primary fow
reqimes: Fhe homaogeneous bubbly flow regime (laminar), the slug fow regime, end
the churn-turbulent flow regimé. The flow regimes are largely determined by the
colurnn diameter and superficial gas velocity. In the bubbly flow regime, bubbles
may be siall and spherical, or larger and now spherieal because of the low of liguid
around them. As the superficial gas velocily is increased siug flow is developed.
Here, the gas elements are lasger and ocenpy the column diameter. Under ceriain
conditions (column ID > 0.1 m} siug fow transforns into the churn flow, where 1he
fow 15 much more irregular and disturbed as a result of the breakdown of large gas
bubbles. The dependence of fiow regimes on column diameter and superficial gas
velocity can roughly be estimated from the flow regime map presented by Decswer
et o, 1980 {see Figure 1). Schumpe and Deckwer (1982 showed that distributor
type, physical properties of the media, and gas superficial veloci.ty have a strong
influence on the transition between flow .regimes { e.g.. slug fow regim: oceurs at

very low gas velocities for high viscous liquids).

B. Fischer-Tropsch Derived 'Waxes

Fischer-Tropsch syniliesis proceeds between 230 °C to 270 * with fine
precipitaied iron catalyst particles suspended in a paraffic wax. Hydroedynamic

studies of bubble columns vsing F'T' derived waxes are scarce compated o nop-wax
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stadies. A summary of experimental ronditions enployed in hydradvnands studies
with FT derived waxes as liquid media is given in lable 1. The major obeervations
froos these studies can be brielly summarized as followes:
1. There are virtualiy no experimental data obiained in large bulbie columns
at high gas velociiies under conditions of indusirial imporieace. Most of the
studies were performed in bubble eolutuns with diaroeters less than 0.10 m.

ad oniy the homogeneous and sing flow regimes were ohserved.

b

Breckwer and co-workers {Zaidi ef al,, 1870: Deckwer et al., 1980); Quicker and
Deckwer, 1981 ) obtained the value of Sauter mean bubble dianeter of about 0.7
mm using plotographic method. Whereas, Calderbank ef al., {1963) vbtained
Seuter mean bubbie diameiers of about 2.5 mm using a ligh: :ransmission
mr=thod.

3. There are large discrepancies in reported values of gas hold-ups obuained
in various studies. These discrepancies are cansed by differences in wax
compositions, distributor design and column geometrs.

4. Puraflin waxes have a tendency to foazn, whereas tnost of the raw teactor waxes

do not foam (Kuo e al, 1985; Bukur ¢f ofl, 1L987).

A detailed descriplion of the effects of operaiing conditions, columy geometry,

fu

distributor design, and wax type on the average gas hold-up and bubble size

distribution is given below.

i. Eiffect of Temperature

Deckwer ef al. (1980} observed a significant decrease in yas hold-up wiib
increase in femnperature from 180 to 240 °C for experiments in smal' diameter

coluran ((.041 m), whereas the hold-up was essentially independent of iemperatuyre
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in the lurger diameter cofumn {(0.10 m}. Contrary 1o Lhis, (uickrr and Deckwer

(1981}, Kuo ef ol (1983), and Bukur et al, (1987) found thai the held-up inareases
with temperature. In genersl, the lignid viscosily incroases as 1.}1.3 temperatire
decrcases and higher lquid viscosity promotes bubble coajescence. Thus, it is
expected that the hold-up wouid increase with temperature. The effent of ¥IRCOSILY
on the gas hoid-up was very significant during the aperation of a 0.247 m2 in diameler

slurry bubble reactior {fo1 FT synlhesis (Farley and Rax, 1964h); whereby, in one

" of the runs the gas hold-up dropped from 45% to 12% while the slurry viscosity

increased from 2 mPa.s to over 200 mFa.s during ihe same pesiod of izne. This

large increase in viscosily was attribuied to the presence of free carbon. bul it is
more likely that 11 wes cansed by production of high molecular weight products

i satierfield ef al., 1981].

2. Effect of Solids

Deckwer ef af., 1980 and Kuo el al.,, 1985 found that addition of solids reduces
the gas hold-up. This may be viewed as a viscosity effect, since the visrosity of the
slurry increases with an increase in solids concentration. Ag stated above (effect of
‘emperature] the kold-up is expected to decrease ar uhe viscosiiy of the medinm

lacreases.

3. Effectz of Pressure and Gas Type

Deckwer =f ai, (1980) and Kuo et «l, {1985) found that the system pressure
in the rauge 0.1 to 1.5 MPa does noi have an effect on gas hold-up values.
Furthermore, Kue uf gl observed that gas type (N2 or Hy) does not aave an
efiect. on pas hold-up values. These rééu.lts show that the densiiy of the gas has

neghgble effect on the gas hold-up.
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4. Effert of Superhaal Gas Veloaty on Fliow Hegimes
Wast of the studies hsied i Table | were made in relatively small diameisr
columans (< 0.1 m} {(excepd Fatley and Ray, 1964a, and 1964b-up to §.25 m) and

low superficial gag velocities up te 0.06 m/s {except Farley and Ray, 1964b-up to

0.073 m/s, and Luo ef al, 1985 vo to 0.12 m/s). Zaldi el al., L979; Deckwer ot al.,

148} and Quicker and Decliwer, 1981 found that fiow regime in iheir experimments
was homogeneous (ideal bubbly}, which is characterized by a uniforn: bubble size
distribution. Their experiments were restricied to velociiies less than 0.04 m/s,
due to foaming at higher gas veloctlies. In Mobil's study (Kuo ef al, 1985; it
was found that in both shost and tall columns bubble coalescence takes place with
all i¥pes of distributors (sintered metal plate and orifice} and that siugs start
developing at superficial gas velocities between 0.02 m/s and 0.08 m/s. Slugs or
siug type bubbles were observed ever in a 8.102 m diameter column. The bubbles
produced by orifice plate disiribitors were nonuniform in size and larger than
the ones obtained with siniered meial plate (SMP) distribulors, but tne average
bubble size {Sauter bubble diarneter} was not determined. Foaming was observed
in experiments with a paraffin wax (FT-200} and was more pronounced with SMP
distribulor, giving hold-ups as high as 75%.

I summary, the flow regimes observed in these siudies with colnmns up to
.1 m iu diameter were: homogeneous , slug flow or the transition between these

two flow regimes, and foaming regime.
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5. Ffert of Column Liameter

Tleckwer el al. (1980% Kuo &f gl (19851 and Bulur o4 al {487

e

nave
tonducted extensive studies of this effect, and they have reporied the foHowing
uhservations:

L. Deckwer ef al (1980} observed that [or temperaiures greater than 230 °C gis
haold-up is independent of cojumn dismeter (1.04% mm and .10 10 ID columns)
2. Kun ol al. (1885} observed that for runs with FT-200 wax in short columns
4 {2.2 m in height) the gas hold -up values were higher in 1;11& smeller I column
(0.032 m) than iz the larger ID column (0,053 m). They explained this as the
fact that the parrower column tends to slabilize the foam leading 1o higher

% ; vaiues of gas hold-up.
| 3. huo el ai (1983} found that tall columns (8.051 and 0.102 m ID colunas,
and 8.1 m tall} equipped with gimilar orifice plate distributors i.e. the same
orifice size and the same 3ot velocity through the orifice, have shown o effect
* : of column diameter with FT-200 wax. However, runs with reactor waxes {wax
: -_ produced during runs CT-256-7 and C'T-256-8) produced higher gas hold-up
| velues, about 30-40 7, for superficial gas velocities between 0.013 to 0,083 m/’s
in. the targer columnn. Migh values of hold-up in the large column might have
been due to type of flow regime, fewer and smaller sluge, This type of fow
behavior was not observed in runs with FT-200, whers slugs were accompanied

by a large pumber of snall bubbles. The presence of sluge -owers ihe gés held-

ﬁ up values.
_ 4. Bukur ef al, 1987 {ound that, in the absenee of foam gzué hold-up values lor
g A Fi-300 wax in 0.03]1 m and 0.220 m ID columns equipped with similar orifice

distributors were independeni of the column diameter.
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6. Effect of Liguid Mediun

Sludies with different kinds of waxes were conducted e Mobil's study (ee
et al., 1983} Tn general they observed that reactor wares do not have o tendency
‘o foarn, and they give lower hold-up values than FT-200 paraffin wax for all trpes
of distributors (SMP and orifice vlates]. However, a baich of reaciar wax from
run 4 in Mobil's pilol plant unit CT-256 produced some foam during a run with
60 pm SMP distribulor at 200 °C in the 0.053 m ID column. These differences
i behavioe {or reactor waxes may be due to differeqces in physical properties and
their composition. The presence of small ameonnt of impuriiies which act as surinec

active agents, may lead to substantially higher hold-ups.

7. Effect of Static Liquid Height

Resulis from different studies are summarized as ioilows:

1. Deckwer ef al (1980) and Kuo ef al.. {168%) found that there is no effect of
tiquid static height on gas hold-up values, Deckwer ef el., used liquid static
heights from (.6 m to 0.85 m, with a 78 pm distribuior; while Ko et al., nsed
0.031 m ID columnn equipped with a 2 mm singie orifice plaie for static heights
from 0.75 m to 7.1 m with FT-200 wax.

<. Calderbank et el (1963) found that the gas hoid-up value increases with o
decrense in static heights in experiments with a bail and cone distribrrior and
static heighis of 2.3 and 4.6 m. Similar observations were reparted by huo
et al. (19835) with FT-200 wax using 20 pm SMP for liquid static hetghis

between 2.3 and 6.4 m.

3. Kuo et al, {1985] observed an increase in gas hold-up with lquid slalic height

for runs with FT-200 wax using 1 min singie orifice plate and 2 x 0.5 rom
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{three holes of 0,5 wm in diarieler} orifice plale dixsibutors for liguid siatic

heights betwesn 0.6 aud 6.3 m.

These contradictory observations indicatle thal there iy ar. nteraction belween
the distribuior design, liquid static height, and properiics of Liguid medin, These

factors affect the bubbie dynamics whichin turn devermines the gas hold-up vaives.

8. Lftect of Distributor Type

i The effect of distribulor type has been studied by Quicker and Deckwer {1981)

and by Kuo et el. {1983). The former obtained higher gas hoid-up values with a

_x __. single mozzle distributor than with & 19 x 1.1 mni perlorated plate distributor,
3 probably because of high Weber sumber for the single orifice disiributer. High
o3 Weber pumber implies bigh kinetic energy of the gas which produces finer bubbles

and thus higher gas ho:d-up values, In Mobil’s work {Kueo 2t al, 2883) it was found

that:

1. In general, SMP distributors produce higher gas hold wp values then the orifice

plate distributors, Moreover, SMP distribusors produce smelier bubbles than
orifice plate distributors. Similar observations have Leen observed recenily by

Bukur et ol (1987} using FT-300 wax.

3,9 2. Gas hold-up values decrease with increase in pore size for SME dstributors,

,{; larger pores are accompanied by lerger bubbles and Iess foem. This was
observed {or 0,032 and 0.033 m ID columns.

3. Ormfice plate distributors (< 0.4 mm) can give hold-up values similar tc thoze '

for large pore SMP distributors (short columns).
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4. Orifice-type gas dislribuiors give similac hold-up values wicn the Weber
number through the holes are similar. However, iarge orifiess (1 mm? resalt

in fower gas hold up vaines al all syperficial gag velocities.

C. Non-Wax Liguid Mediums

Extensive reviews of hydrodynamic studics in bubble colnmans nsing won-FT
liguids are aveilable in the liveratore {e.g., Hughmark, 1967; Maskeikar, 1970;
Osiergaard, 1980; Shal f af., 1982; and Hetjnen and Van't Rier, 1884). A pariial
summary of experimental conditions employed in hvdrodynamic studies with non-
wax lquid mediums is presented in Tahle 2.

The major highlights of these studies arc:

L. Schuger], 1981 and Kelkar, 1686 ahserved that pure liquids and highly viscous
solutions (g = 0.02 Pa.s) are str.onglj-' coalescing, whereas agueons solutions of
organic compounds {e.g., alechol) are non-coal ESCIILE.

2. Ostergaard, 1980 found that distributor type aflects gas hold-ups and bubble
size only in the 1::.ruh’:-} ¥ flow regime. Single orifices or perforated piales produce
lower gas hold-up values than do sintered metal plates. Schumpe and Deckwer
(1982] and Heque ¢! al. {1986) observed no effect of distributor FPE On gas
hold-up in the heterogeneous and siug flow regimes for coalescing media.

3. (sterganrd, 1980; and Shah et «f, 1982 found thay effect of column diameter
o1 gas hold-up is severe [or columm /bubble diametor ratic.:s berwaea 40 4o 100.
Godbole et al, {igﬁﬂ} and Haque ef el (1986), while using highly viscous
non-Newtonian liquids, they observed a strong decrease in gas hold-up with

an increase in column diameter. Furthermore, Haque ef al [19%6) rcported
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Table 2. Summary of Bubble Column Hyhydrodynamic
' Studies Using Non Wax Mediums.
ES}j,rstti.-m ) : Range of Quanzitjz Referf&_nce i
Parameters Measured
Air-Water ug, m;s: 0,003-0.4 ég, Qg Akita and Yoshida
Air-Glycol Aq. Soln. ur, m/s: 0.00-0.044 (1973), (1974)
Air-Methanol d., m: 0.152-0.5
O;-Water Hy,m: 1.26-3.5
~ Air-Water Ug, mys: 0.042-0.38 €g Hikita and Kikukawa
Alr-Methanol Aq. Seln.  d,, m: 0.1-0.19 ' (1974}
o, kg/m®: 810-1200 H,,m: 0.6-1.35
g1, Pa.s: 0.0007-0.0138
o1, N/m: 0.0375-0.0748 |
Air-Alcohol Ay, Soln. ug, m/s: 0.0-0.08 €g Qg Schugerl et al.
Air-Glucose Ag. Soln. U, mfs: 0.0 {1977)
do, m: 0.14
Distributor:
17.5 pm SMP
180x0.5 mm PP
i 3 mm Nozzle .
Air-Aleohols ug, ms; 0.0-0.1 €q Bach and Pilhofer
Air-Halegenated dp, m: > (0.1 ©(1978)
Hydrogens H,,m: >1.2 '
Ait-CMC Aqg. Soin. ug, m/s: 0.0-0.08 £g Buchholz et al,
{1.0-1.6 wt. %) ur, my's: 0.0 ' {1978)
., d., m: 0.14
Distributor:
17.53 pm SMP
180x0.3 mm PP
3 mm Nozzle
. Different Gases : ug, m/s: 0.042-0.38 Egr fig Hikita et al.
Air, Hy, CO4 de, m: 0.1 {1980)

H.“ Nj )—'W&tf_',l'
Alr-Organic Liquids
Air-Elecirolyte Soln.
g1, kg/m?: T90-1170
g1, Pa.s: 0.0009-0.0178
o1, Njm: 0.0226-0.0796
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Table 2. Centinued

___-.‘S_}ré-tem i Rané?rof o Cuantity Reference
~ Parameters Measured

Aqueous CMC g, mys: 0.0-0.08 €y Bg Deckwer et al.
Soln. (1.0-2.0 wi. %) d., m: 0.14 {1980}

H,, m: 2.6
Air-CMC Aq. Soin. u,, m/s: 0.0-0.08 £q g Sehugerl
(1.0-1.7 wt. %) u;, m/s 0.013-0.015 {1981)

d., m: (.14

Hy.m: 3.1
Air-CMC Aq. Soln. Ug, 1m/s: 0.0-0.18 €g Ty Schumpe and
(0.0-1.8 wi. %} ur, m/s: 0.0-0.006 Deckwer (1982)

de, ma: 0,102

H,, m: 2.36

Distributor:

0.15-2.0 mm SP

Ajr-Organic Ligquids Ug, m/s: 0.03-0.24 Gy Godbole el al,
Air-CMC Aq. Soln. ur, mfs: 0.0 (1982), (1984}

d., m: 0.305 )

H, m: 3.4

Distributor:

T49x1.66 mm FP

Air-CMC Aq. Soln. ug, m/s: 0.03-0.3 € Kelkar and Shah
{0.005-0.23 wt. 7o) ur, m/s: 0.03-0.1 (1985}
Air-Aleokol Aq. Selr. d., m: 0.154

H,,m: 315
Air-CMC Aq. Soln. Uy, m/s: 8.01-0,24 £qg Hagre et 2l

(0.0-2.0 wi. %}

u;, mis: 0.0

d., m: (.1-1.0

H,, m: 1.5-2.4

Distributor;
100x0.3 znme PP
168x1.0 mm PP
10%%x1.5 om PP
108x2.0 mm PP

(1986)




Table 2. Continued

~ System

" Range of Quantit ¥
Parameters Measured

Beference

CAir-CMC Aq. Scin.

Alr-Methano]l Aq. Socln.

-Ethanol

-1-Fropanol
-n-Butanel

tty, mfs: 0.0-0.08 Eq
u;, mw;s: 0.0
dey, m: 0.1
H,, m: 2.5
Distributor:
4 mm orifice

u,, m/s: 0.0-0.08 Eg
n;, m;s: 0.0
d., m: 0.1
H,, m: 2.5
Distributor: .
4 mm orifice

Vatai and Tekic
(1987)

Fosarar and Telic
(1957}




that the static heighl does ool affect gas hold-ap for {1 7d. catios preater than
o 5 I3 il = L
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4. Schugerl. et al, 1977 and Kelkar, e al., 1933 report that, bubble size and gas
hold-up depends on liguid propertics. Bach and Pilholer FLATE), Goddbole et al
(1984). and Hague et al. {1286] ubserved decreases in gas huid-up as Heuid
viscasity increased. Furthermore, they obscrved no effect of surface tension op
gas hold-up in the helerogencons flow regime. Schumpe and Deckwer (1682)
reported thal ges hold-up is independent of Liquid viscosity in the slug-fow
regirne for $.102 and 0.14 m I} colurnns.

3. Deckwer ef al., 1980 found thal éas hold-up and bubble size correlations
presented in tne literaiure for non-wax roedia fail 1o predict gas hol d-up and
bubble sizes observed in bubble columns using FT degived waxes as the liguia
medinm, even though the physical properties of T derived waxes are similar

to the luids used to vbialn the correlations.

D. Thesls Objectives and Motivation

The objective of this thesis was to perform extensive studies on hydradynarmics
of bubble column with application to Fischer-Tropseh synt-hc.sis. Experiments were
carried out using different F'1' derived waxes; paraffin waxes {FT-200 and a limited
cumber of experimenis with FT-300 wex) and reacior waxes {Sasel and Mobil
reactor ;.-,*axes} in order tu investigate the effect of liquid medium and busbie column
parameters [geometry and operation) on gas hold-up and hubbie dynamies.

Expertments conducted with paraffin waxes at 265 °C showed a foaming
behavior, but no foam was chserved when these experiments were conducted at

200 “C. In order to investigate the dependence of foaming bekavior on physical
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prapertics, experiments were conducted nsing cald medinms: pure Leguids i distilied

water and n-buianol ), foaming mixtares {agquecus solutions of n-basansl ). and non-
Newtonian rixiures (aqueous sclutions of n-butanol with carboxymeilyl celiulose
(CALZ)). Cold mediums were used in this investigation because they are easy io
handle {tneasurements of physical properites) cormmpared to molien waxes.
Investigated paramercrs were extended bevond those previouay siudied. Fi-
naiiy, the cffect of differcni parameters on gas hold-up and bubbis dynamics on

scaie up of bubble columns was addressed,



