Chemical
Engineering
Journal

www.elsevier.com/locate/cej

< o

B G-
ELSEVIER Chemical Engineering Journal 115 (2006) 157-171

Novel correlations for gas holdup in large-scale slurry bubble column
reactors operating under elevated pressures and temperatures

Arsam Behkis®R, Romain Lemoiné&, Rachid Oukadi, Badie I. Morsf*

& Chemical and Petroleum Engineering Department, University of Pittsburgh, Pittsburgh, PA 15261, USA
b Energy Technology Partners, 135 William Pitt Way, Pittsburgh, PA 15238, USA

Received 22 October 2004; received in revised form 7 July 2005; accepted 6 October 2005

Abstract

A comprehensive literature search was conducted to obtain the holdup data for different gases in various liquids and slurries using bubble
slurry bubble column reactors operating under wide ranges of conditions in different size reactors provided with a variety of gas spargers. The
were used to develop two novel correlations, one for the total gas holdup and the other for the holdup of large gas bubbles. The total gas ho
correlation is capable of predicting the experimental data within an absolute average relative error (AARE) and standard d@aaaos(
whereas the correlation of the holdup of large bubbles is capable of predicting the experimental values within AARIE &volt 25 and 27%,
respectively. The novel correlations were used to predict the effects of pressure, temperature, gas velocity, solid concentration, redtor size,
distributor type on the holdup of syngas,(B0O =2) in various slurry bubble column reactors (SBCRs) operating under typical Fischer—Tropsch
conditions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction correlations were developed for agueous, highly ionic systems
in small-diameter reactors operating under atmospheric pres-
The gas holdup and bubbles size/distribution, among othsure and/or ambient temperature; the data were obtained with
ers, are strongly affected by the operating conditions in bubbldifferent gas spargers; and the majority of the solids were
column reactors (BCRs) and SBCRs and therefore their knowlron-catalytic particles. Statistical correlations have also been
edge is indispensable for modeling, design and scaleup of thegeoposed for predicting the hydrodynamic and mass transfer
reactors. There are several empirical correlations available iparameters in two-phase and three-phase reactors and although
the literature as listed iffable 1 which can be used to pre- they have been shown to enjoy high confidence lejddlsghey
dict the holdup for gases in bubble columns and SBCRs, butre system-dependent and accordingly their application to pre-
unfortunately these correlations have several limitations andict and/or extrapolate the behavior of other gas—liquid—solid
accordingly they cannot be employed to simulate the behawystems could be misleadijd]. Thus, adequate correlations
ior of industrial-size reactors. This is because most of thesahich can be used to predict the gas holdup in multiphase reac-
tors operating under wide ranges of industrial conditions are
—_— needed.
Abbrevizitions: atm, atmospheric pressure; AARE, absolute average relative  The objective of this study is to develop novel correlations
error— %Z « 100 (%); AF, acceleration factor; BC, bubble {0 pred.ict the total holdup and the holdup of Iqrge bybbles fo_r
1 gases in bubble columns and SBCRs operating with organic
cap; BCR, bubble column reactor; DF, density factor; M-ON, multiple orifice liquids, under elevated pressures and temperatures in the pres-
nozzle; PiP, perforated plate; PoP, porous plate; R, ring; S, spider-type; SBCRnce and absence of typical catalytic particles as those used in
slurry bubble column reactor; S-ON, single orifice nozzle; SF, scale factor; SR, . [ .
sintered plate |hdustr|al_appllcat|ons. The effects of gas sparger des!gn and
* Corresponding author. reactor size on the gas holdup are also incorporated in these
E-mail address: Morsi@engr.pitt.edu (B.l. Morsi). correlations.
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Nomenclature
Bo Bond number | d?/o
Cs solid concentration by weight in the slurry (w/w
Cv volumetric solid concentration in the slurry (v/iv
d diameter (m)
do orifice diameter (m)
dp particle Sauter-mean diameter (m)
Dc diameter of the column (m)
Fr Froude number #/g/(gd)/?
g gravitational acceleration =9.81 &a 1)
Ga Galileo numbet= gp?d®/u?
Hc height of the column (m)
Ky gas sparger coefficient defined in £8)
Ma molecular weight of the gas (kg kmd)
Mp molecular weight of the liquid (kg kmol)
Mo Morton number= gui /(oLoL)
No number of orifices in the gas sparger
Ps vapor pressure of the liquid (MPa)
Pt total pressure (MPa)
T temperature (K)
Us superficial gas velocity (nTg)
Us,o superficial gas velocity at the sparger orific
(ms 1
UL superficial liquid velocity (ms?)
We Weber number pcU odo/oL
Xw weight fraction of the primary liquid in the mix-
ture (1> Xw > 0.5) (w/w)
Greek symbols
r gas distributor parameter used in Et)
a exponent defined in Eq2)
£G gas holdup
n viscosity (Pas)
v kinematic viscosity (ris™1)
0 density (kg nT3)
o standard deviatior-
n
J A3 (|feomen | age)’
1
x 100 (%)
oL surface tension (N mt)
e sparger to column cross sectional arearatio in B
(3) (%)
Subscripts
b bubble
df dense phase (small gas bubble phase)
G gas phase
L liquid phase
P solid particle
SL slurry
trans  transition from homogeneous to heterogeneod

[¢)

(2]

2. Background

The hydrodynamic studies available in the literature have
clearly demonstrated that the gas holdup in bubble columns and
SBCRs is strongly affected by the following.

2.1. Physical properties

Gasl/liquid/solid physicochemical properties include gas
nature (molecular weight), liquid nature (aqueous, organic, and
mixture), liquid physical properties (density, viscosity, surface
tension, vapor pressure, and foaming characteristics), and solid
particle nature (density and size). Ozturk et[&B] and Inga
and Morsi[19] studied the effect of gas nature on the total gas
holdup and reported that under similar pressure and superficial
gas velocity, the gas holdups of GQir, No, He and B in xylene
and those of B, CO, N» and CH, in hexanes mixture, respec-
tively appeared to follow the behavior of the molecular weight
of the gas phase. Ozturk et Hl8] investigated the effect of lig-
uid nature on the gas holdup and showed that the gas holdups
of various gases (C£) air, N, He and H) in several organic
liquids were higher than those in water. Ozturk et[&8] and
Bhaga et al[20] studied the effect of the foaming characteris-
tics of the liquid phase using several mixture of liquids, such as
toluene and ethanol, on the gas holdup and observed a maximum
in the gas holdup values at a given composition due to the forma-
tion of small gas bubbles. The effect of solid particles, including
magnesium hydroxidg1], calcium hydroxidg21], iron oxide
[22], calcium carbonat§3], and carbon particlef4] at var-
ious concentrations in slurry reactors was reported to increase
the gas holdup and gas-liquid interfacial area at low concen-
trations (<5vol.%). The increase of solid particle size, on the
other hand, was found to decrease the gas hd@by26] Fur-
thermore, the effect of solid particles on the gas holdup should
account not only for the solid concentration, but also for par-
ticle nature, size and density, which might significantly affect
the gas holdup and subsequently the gas—liquid interfacial area
[17,27]

2.2. Operating variables

These include pressure (gas density), temperature, superficial
gas velocity, liquid superficial velocity, and solid concentration.
Behkish et al[28] reported that the gas holdup increases with
increasing pressure, superficial gas velocity and temperature and
decreases with increasing solid concentration feraNd He in
Isopar-M using a large-scale bubble and slurry bubble column
(0.29m i.d.). The gas holdup for air in Paratherm NF using a
0.102m i.d. column was found to insignificantly decrease with
increasing the superficial liquid velocif®9]. Furthermore, Zou
et al. [13] showed that at high temperatures the effect of the
vapor pressure becomes significant and consequently the actual
gas density should be corrected for. Nonetheless, the dependency
of the total gas holdup on the superficial gas velocity was mainly
a strong function of the prevailing hydrodynamic flow regime
[30].
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Table 1

Gas holdup correlations available in the literature

Authors Gaslliquid/solid Experimental Correlation
system conditions

. 3 0.23
. ) . ; G _ G

Bach and Pilhofef2] Air/alcohol, P atm.,T: ambient, Teg = 0.115< T RTI )
hydrocarbons Ug: 0-0.2m/s

Hikita et al.[3] Air, Hp, COy, CHy, P: atm.,T: ambient, &g =
CsHg/H20, 30, Ug: 0.042-0.38m/s, 0.672( e )0.578 uie ‘0-131(@)04062(&)04107
50 wt.% sucrose, Dc:0.1m,Hc:1.5m ) oL pLoy oL L
methanolp-butanol,
aniline

Hughmark4] Air/H,0, kerosene, P: atm.,T: ambient, &G =

Idogawa et al[5]

Jordan and Schumé]

Krishna and Ellenbergdr]

Kumar et al[8]

Reilly et al.[9]

Reilly et al.[10]

Urseanu et al11]

Wilkinson et al.[12]

Zou et al.[13]

oil, NapCOz and
ZnCl, aqueous sol,
Glycerol, light ol
Hy, He, air/H0,
CH30H, GHs0H,
acetone, aqueous
alcohol solutions

N>, He/ethanol,
1-butanol, toluene,
decalin

Air/H 0,

H>0O + Separan,
paraffin oil,
tetradecane

Air/H >0, glycerol,
kerosene

Air/H,0, solvent,
TCE/glass

Air, N2, He, Ar,
COyl/lIsopar-G,

Isopar-M, TCE,
Varsol, HO

N2/Tellus oil,
glucose solutions

N2/n-heptane,
mono-ethylene
glycol, H,O

Air/H 0, alcohol,
5% NaCl

Ug: 0.004-0.45m/s,
Dc:0.0254m

P: 0.1-5MPaf:
ambient,Ug:
0.005-0.05m/s

P:0.1-4MPaf:
293-343KUg:
0.01-0.21 m/sDc:
0.1m,Hc: 2.4m

P: atm.,T: ambient,
Ug:

0.001-0.866 m/s,
Dc:0.1,0.174, 0.19,
0.38,0.63m

P: atm.,T: ambient,
Ug:
0.0014-0.14m/s
P: atm.,T: ambient,
Ug: 0.02-0.2m/s,
Cy: up to 10vol.%,
Dc:0.3m,Hc:5m
P:upto 1.1 MPaT:
ambient,Ug:
0.006-0.23 m/shc:
0.15m,Hc: 2.7m

P:0.1-1MPar:
ambient,Ug: up to
0.3m/s,Dc: 0.15,
0.23m,Hc: 1.22m
P:upto 1.5MPar:
ambient,Ug: up to
0.3m/s,Dc:
0.158mH, :1.5m

P: atm.,T:
298-370K,Ug:
0.01-0.16 m/sU.:
0.007 m/sDc:
0.1m,Hc: 1.05m

N —0.22 exptP)
0.8 ,0.17
S = 0.059028p21 (%)

(cml/s)

,oL (mMN/m), Ug

)0.58

12@ = bBo%16GaOO4F 070 (14 27.0 Fro‘sz(z—‘f

Dimensionless numbers based on the bubble dianieter,
depends on the sparger: ¥4 mm PfP=0.112, ¥ 1 mm
PfP=0.122, I 4.3 mm PfP=0.109, 3mm S-ON=0.135,
7 x 1mm PfP=0.153

€6 = £G-Large+ €df(1 — €G-largd),

p0.9660.12
edf = 0.59 x (3.85)1° o
Y4/5

—0.18 (U —Ug-—df
£G-Large= 0.268 x D Vo To a2

5012
Ug-df = Up-smaledf(1 — &df), Up-small =

eg = 0.728U — 0.485U2 + 0.0975/3,
1/4
U = Ug[p?/oL(pL — pc)g] /

L
2.849204
&g = 29w844pfo,980,[0,16p(%19 +0.009

— PG U i
&G = Aﬁ (homogeneous flow regime),

1/3 .
£g = B( relUc ) / (heterogeneous flow regimed,and

pLI-¢c)
B depend on the liquid nature, = 2.84p pg%%%s %2,

B=3.8 (Isopar-Gyp_ =740, =0.000861g =0.0235),
3.7 (Isopar-M:p. =779, =0.002433¢ =0.0266), 3.6
(TCE: pL =1462,u. =0.000572¢ =0.03), 4.6 (Varsol:
pL=773,u =0.001012g| =0.0283), 4 (HO: p. =1000,
uL =0.001,0, =0.0728)

fe = 0.21U%58ME0A12p[G0_3exp(—9u|_)]

Utrans Ug—Utrans

EG =

Up-small Ub-Large ’
3 —0.273 003
- oL Pt (LL) :
Ub-small = 2.25- ( s ) p ,

Utrans= 0.5 x Ub_sma”exp(_lgaogo.elﬂesalt_),ll),
Up-Large = Ub-small +

—0.077
24&(%)0‘757(”&}) (&>0,077

s oL gmy PG

4, ~0.1544 16105 0.5897
_ 8 Pr+Ps\ ™ UspL \ ¥
6 = 0.17283( Mf) (Frire) ™ (Lem )
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Authors Gas/liquid/solid Experimental Correlation
system conditions
4 o B
Fan et al[14] Ny/paratherm P: 0.1-5.62 MPar" re = 290grs/ou9 loo/ns0)”
NF/alumina 301 and 351 KlUg [cosh@og™>)]

Krishna and Si¢15]

Sauer and Hemp¢l1 6]

Schumpe et a[17]

Air/paraffin oil,
Tellus oil/silica

Air/H»0/10 diff.
solids
(1020 <pp < 2780 kg/n?)

N2, O2/H20, 0.8 M
NapSQy/carbon,
Kieselguhr,
aluminum oxide

up to 0.45m/sCy:
8.1,19.1vol.%Dc:
0.102m,Hc: 1.37m
P: atm.,T: ambient,
Ug: up to 0.5m/s,
Cy: 0-36vo0l.%,Dc:
0.1, 0.19, 0.38,
0.63m

P: atm.,T: ambient,
Ug: 0.01-0.08 m/s,
Cy: 0-20vol.%

P: atm.,T: ambient,
Ug: upto 0.07 m/s,
Cs: up to 300 kg/m,
Dc: 0.095m,Hc:

MosL = g(psL — pe)(EnL)*/p3 o, & = 0.21M02 " and

B = 0.096Mog> "™, Lng =
4.6Cy {5.7C%%8 sinh[-0.71 exp(-5.8Cy )In Mo®2?] + 1}

Uc—Uc_df
Up-Large '

Up-Large = 0.71y / ¢db(SF)(AF)(DF),SF =1 for
dy/Dc <0.125,SF = 113 exp(— 42 ), for

£G = €G-Large+ £df(1 — £G-Large), £G-Large =

0.125 <dp/Dc <0.6 SF = 0.496, / lj—bc for dy/Dc > 0.6,

AF = a4+ B(Uc — Us.dr), DF = v/1.29/pG,
dy = y(Ug — Ug-ar)’, for Tellus oil (o =862, =0.075,
oL =0.028),0=2.25,=4.09,y =0.069,6 = 0.376,

Uc—dt = Up—smalid,
0.48

0.7 —
&df = €df,0 pgfef 1- o Cv ), edr,0=0.27 for

paraffin oil (oL =790, =0.029,0 =0.028),
Up—small = Up—smallo (1 + %CV) ,

—small0

Ub-small,o=0.095 m/s for paraffin olil
G

1-ec

0.844 ~0.136
Us v ¢g 00392

00277( (Uggv5|)0'25) ( "eff.srad ( CSSD)

whereCgp is solid concentration at bottom of column

(kg/m?), vs) =

uL[l+25Cy + 10.05C\2, + 0.00273 exp(1686Cv)]/psL,

v\ /8

Veff,rad = 0.011Dc+/gDc (ﬁ)

e6 = BUZS 1 8, leir = k(2800g)" L k andn areF

(Cv, solid nature)3=0.81 or 0.43, 0.8% 10 k

(Pag)<1730,0.16%xn<1

0.85m

and a reduction of the foaming ability of the liquid/slufBp].

A few investigators have also observed that with highly vis-
It has been reported that the hydrodynamics of SBCRs areous liquid (i.e.>0.55 Pas), the effect of column diameter on
strongly dependent on the column geometry as well as the gag was more pronounced due to a weak wall effect on the rise

distribution techniqug30]. In fact, based on the column geome- velocity of the gas bubblg4.1,36] Koide et al.[37] measured

try, the following three different regions with their respective gasthe gas holdup of air/water system in the churn-turbulent flow
holdup were identified12,31} (1) sparger regionsg depends regime and reported thag values obtained ina 0.218 and 0.3 m
on the gas distributor design); (2) bulk regiag; (s controlled i.d. columns were identical but systematically lower that those
by the liquid/slurry circulation); (3) top regior¢ is large due  obtained ina 0.1 and 0.14 mi.d. column. Similarly, many inves-
to the formation of a layer of froth above the liquid/slurry bed). tigators have reported that thg would level off when column

In general, the gas holdup will then be the sum of the holdupsliameters are0.15m[12,32,38,39]Koide et al[40] measured

in the three regions, however, if the column is long enough, théhe gas holdup and bubble sizes of air in water in a 5.5m i.d.
influence of the first and third regions on the gas holdup willcolumn and compared their data with those obtained in smaller
be insignificant and thus the gas holdup will be close to thecolumns (0.1-0.6 m i.d.) and although they observed a small
values measured in the bulk regifi?]. The ratio of height of influence of the column diameters on thg they suggested that
the reactor to its diameteH¢/Dc) would therefore affect the the difference was negligiblg0]. They further reported, how-
gas holdup. A number of investigators reported that typically neever, that the arithmetic mean bubble diameter measured in their
obvious change in the gas holdup was observed wig®c  columnwas higher than those calculated with correlations devel-
ratios were >5—§12,35,32] as the effect of sparger on the total oped for smaller diameter columns, and attributed this behavior
gas holdup within the top region of the reactor was insignifi-to the breakup and coalescence of gas bubbles along with gas
cant. Furthermore, the gas holdup was found to decrease wittispersion which were affected by the design and geometry of
column diametef33] due to a reduction in the holdup of large their column[40]. In addition, they hinted that if larger gas bub-
gas bubbleg15,34] a change in the liquid backmixin0], bles were formed in larger columns, a relatively smaller total

2.3. Reactor size
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gas holdup would be expected. Thus, since most commercidhble 2 _
SBCRs have inside diameters greater than[5%h to conclude  Values ofKq usedin Eq(2)

that the gas holdup will remain constant from a diameter obistributor Ky

0.15— >5m could be inaccurate. The careful approach woulq'q, 1,000
be to consider that the gas holdup continues to slightly decreasgqy 1.205
at column diameters >0.15m and slowly reaches an asymptotap, M-ON 1.364
depending on the operating variables, physicochemical propeBC, PoP, SP 1.553

ties of the gas-liquid system and the geometries of the column
and gas spargetr.
type do =4 x 10-3m), and the ejector typel =3 x 10~3m).
2.4. Gas distributor It seems that the two jet-model spargers have systematically
provided higher gas holdup values than those with the perforated

Gas distributors are integral part of the design and scale-uand sintered plates, despite their larger orifice diameters. The
of bubble columns and SBCRs. There are numerous types of gasason for this behavior was attributed to the authors’ unique
distributor (i.e. spider, perforated plate, sintered plate, nozzlesnechanism of creating large gas-liquid interface by mixing
etc.), which significantly differ in their size and number of the gas and the liquid prior to the injection into the column
orifices. Among the most commonly used gas distributors ar¢30]. Furthermore, Sdlgerl et al. showed that in a coalescing
perforated plates, porous plates, sintered plates, single-orifigg/stem (i.e. HO) the effect of gas distributor on the values
nozzles, multiple-orifice nozzles, rings, spider types, bubblevas not significant, confirming that in a non-coalescing system,
caps, injector and ejector types. The characteristics of a gahe bubble size distribution is controlled by the gas distributor
distributor include, among others, opening size, number 0f42,44] Thus, if the gas/liquid system in a bubble column or
openings, sparger positioning, and nozzles position/orientatiorSBCR is non-coalescing, one can expect that the bubble size
The initial bubble size and distribution at the orifice could bedistribution and subsequently the gas holdup would be strongly
controlled by the sparger characteristics, nevertheless, Akitdependent on the gas distributor design.
and Yoshida[41] reported that due to the balance between
coalescence and breakup of gas bubbles, th_e initial bubbl(—? SiZ€ Novel correlations development
created at the gas sparger would not describe the behavior of

gas bubble size distribution in the entire bubble column. The £rom this background, it seems that any correlation to be

effect of gas sparger on the gas holdup is considered compleyeyeloped for predicting the gas holdup in bubble columns and
[30,42} since its influence beyond the sparger zone is yet i),y pypple column reactors has to account for the impact
be understood. Several investigators have reported that 9@ the apove mentioned criteria, including pressure, tempera-
sparger had a minimal effect on the bubble sizes and gas holdygre gas superficial velocity, solid concentration, particle den-
if the orifice diameters were >1-2mfh2,32,41] Jordan and gy /concentration, rector size, gas sparger characteristics, etc. In
Schumpef6], however, took into account the effect of gas s stydy, the total gas holdupd) data measured in our labo-
sparger on the gas holdup even though the orifice diameters pf;ies along with those obtained from the literature references

each of their three perforated plates were either equal or greatgtia 4 inTable 2 totaling 3881 data points were used to develop
than 1 mm, and despite the fact that no considerable effect of thg o following correlation:

gas spargers ai; was observefb]. It should be mentioned that
the quality of the gas holdup (small versus large) depends on = pE.415p%177 0553 Pr 0.203
the breakup and coalescence of the gas bubbles in the colurfie = 4.94x 107° X | 5577357 | Ug ()
Porous plates, with relatively smaller pore diameters, have S Pr—>Fs

p , y p ,
been found to generate smaller gas bubbles when compared Dc O\ o7

) - 0.053

to those by perforated plat§s2]. Also, single orifice nozzles, (Dc n 1>
with diameters usually greater than 0.001-0.002 m, generated
large gas bubbles, even at very low superficial gas velocity X €xp[-2.231Cy — 0.157(ppdp) — 0.242Xw] (1)
[41] indicating a heterogeneous bubble size distribufisi.
From these observations, one can concludesghis inversely fI“Orr(ra]presents the effect of the gas sparger type, can be calculated
proportional to the orifice diameter, and when small gas bubble
are form'ed, the transition from homogeneous to heterogeneoys _ (K4 x Nod%) )
flow regime is delayed, since the rate of bubble coalescence
becomes smallgd3]. An important effect of the gas distrib- do \?
utors oneg was observed by Sélgerl et al.[44] when they ¢ = NO(D> x 100 3)
separately added 10wt.% sodium sulfate {8@&;) and 1% c
ethanol to water to obtain a non-coalescing system. The authots Eq. (2), Kq is the distributor coefficientyo is the number
reported that under these conditions, the smallest gas holdug orifices in the sparger, anty is the diameter of the orifice.
was measured with the perforated plaig €5x 104m),  The values oKy are given inTable 2and the exponent for
followed by the sintered plate¢ = 17.5x 10-®m), the injector  several distributors can be foundiiable 3 For perforated plates,
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Table 3 1
Value of« used in Eq(2)
Distributor ¢ (%) o aoA
o A
PfP <0.055 0.017 & re
PP >0.055 and<0.3 0.303 it
PfpP >0.3 0.293 "
M-ON 0.303 . " o
S-ON 0.134 5 C
R, S 0.015 = © &
BC 0.500 £ 01 N+ C’.d.
PoP, SP 0.650 & e s |
®e ® L 7t 8
@. [
however, the exponentshould be obtained frorfy defined by co¥
Eq. (3). A A
Xw in Eq. (1) represents the concentration of the primary
liquid in a binary mixture, and its value lies between 0.5 and 1.
It should be mentioned that for a single-component or an organic bib
liquid mixture, consisting of several hydrocarbons, such as oils 0.01 0.1 1
and waxesXw equals 1. Also, in the case of bubble column €4 Experimental ~

r?_faCtorS%CV' pT, al_q(;jdp ?&e zeros.. ThLIJ_S’ I,Ed(ql)hconSIders th_e_ Fig. 1. Comparison between predicted and experimental total gas holdup data
e ects_o gas-liquid-soli properties, liquid-phase corr.1p03|t|on,using Eq(1).

operating conditions, gas sparger type, and column diameter on

the total gas holdufable 4presents the ranges of the conditions . . . .

of applicability of Eq.(1). It should be mentioned, however, that §|t)|/5wh|1ch thendqan Ee used ann(gj]_ with otlher nﬁelc(ijed variables
in an attempt to incorporate all the variables affecting the gagn g.(1) to predict the corresponaing total gas holdup. :
holdup into a nonlinear regression scheme, Eggand (2came It should be emphasized that BCRs and SBCRs operating
to be dimensional ’ in the churn-turbulent flow regime, small and large gas bub-

Fig. 1shows a comparison between predicted and our expeP—Ies were reported to coexig, 15,19,28] Eq. (1) is valid for
imental gas holdup values along with those obtained from th redicting the total holdup of all the gas bubbles present. The

literature references listed ifiable 5 and as can be seen the arge gas bubbles rise in the reactor in a plug-flow whereas the

agreement between the predicted and experimental values ?5"""” bubbles are back-mixed withinthe qugid or slurry. In thi?
study, large gas bubbles were arbitrarily defined as those having

within an absolute average relative error (AARE) and a stan=
dard of deviation4) of 200/90 ( ) a Sauter mean bubble diameters >0.0015 m, as photographically
The importance of Eq(1) lies in the fact that it allows pre- observed by Behkish et gR8]. In order to determine the gas
Qoldup corresponding to large bubbleg { argd), OUr experimen-

dicting the total gas holdup for a single-component as well as : .
multi-component gaseous system in liquids and/or slurries prot—al holdup data of large gas bubbles along with those obtained

vided that the gas density under given operating conditions igo_m the literature references given'liabl_e Gtotaling .1426 data

known. For this purpose an equation-of-state (EOS), such Jints were used to develop the following correlation:

Peng—Robinson EOS can be employed to determine the gas den- <
0.84

EG-Large = &G 016

p0.97
1—3.04 x 1076 L__ ,450Xw—4.59Cy
My

Table 4

Upper and lower limits of the variables involved in Eiy) _ 8%84(F) (4)
Variables Minimum value Maximum value

Pr (MPa 0.1 15

P; ((Mpa; 0 0.7 Fig. 2 depicts a comparison between experimental and pre-
Ug (m/s) 3.5%x 102 0.574 dicted holdup data of large gas bubbles using(B}j.as can be

Cy (vol.%) 0 36 observed the agreement between the values is within an absolute
’;WK 27‘;-5 53;-0 average relative error (AARE) and a standard of deviation (
Mg ()kg /kmol) 18 730 of about 23 and 27%, respectively.

Ma (kg/kmol) 2 44 Thus, from the knowledge of the total gas holdug)( Eq.

dp (x10-%m) 5 300 (1) and the holdup of large gas bubbles, &), the holdup of

pp (kg/m®) 700 4000 small gas bubbles§-sman) can be deduced as

oG (kg/m?) 0.06 177.3

oL (kg/m?) 633.4 1583 e

L (x10-2Pas) 0.189 398.8 £G-Small = £G — £G-Large ®)

oL (x1073N/m) 8.4 75 .

De (m) 0.0362 55 It should be noted that coupling Eq4) and (4)leads to the

following situations:
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Table 5
Available literature data on the total gas holdup used in the development ¢E)Eq.
Author Gas Liquid Solid Operating variables D¢ (m) Sparger Symbols
Bhaga et al[20] N2 n-Octane +toluene, - P: atm.,T: 298, 333K, 0.0382 pPfP o
cumene +ams, Ug: 0.0213-0.035m/s
toluene + ethanol,
toluene + ams,
toluene + cumene,
toluene + ethylbenzene,
acetone +benezene
Bukur et al.[45] 0O, Wax - P: atm.,T: 473, 538K, 0.229 PfP [C
Ug: 0.01-0.15m/s
Camarasa et a43] Air H,0O - P: atm.,T: ambient,Ug: 0.1 PoP =
0.013-0.15m/s
Chabot and Laspt6] N2 Paraffin oil - P:atm.,T: 373, 448K, 0.2 PfP O
Ug: 0.022-0.146 m/s
Daly et al.[47] Air Sasol wax - P:atm.,T: 538K, Ug: 0.05 PfP 0]
0.02-0.12m/s
Dewes et al[48] Air H20-0.8 M sodium - P:0.1-0.8 MPar: 0.115 PfP 0]
sulfate ambient,Ug:
0.03-0.08 m/s
Eickenbusch et a[36] Air H >0 + hydroxypropyl - P: atm.,T: ambient,Ug: 0.19, PfP, R X
guar 0.0095-0.09 m/s 0.29,0.6
Grover et al[49] Air H20 - P: atm.,T: 303-353K, 0.1 SP &
Ug: 0.012-0.041 m/s
Grund et al[50] Air H>0, methanol, toluene, - P:atm.,T: 293K, Ug: 0.15 PfP &
ligroin 0.1025-0.1946 m/s
Halard[51] Air H>0-CMC sol — P: atm,T: ambient,Ug: 0.76 R v
0.02-0.05m/s
Jiang et al[52] N2 Paratherm NF — P:0.1-12.2 MPaT: 0.0508 R W
ambientUg:
0.027-0.075m/s
Jordan and Schumgé] N2, He Ethanol, decalin, - P:0.1-4MPafT: 293, 0.1 PfP ¥
1-butanol, toluene 343K, Ug:
0.021-0.22ml/s
Kataoka et al[53] CO, H,O - P: atm.,T: ambient,Ug: 5.5 M-ON
0.021-0.05m/s
Laari et al.[54] Air H->0 - P: atm.,T: ambient,Ug: 0.98 S-ON &
0.018-0.038 m/s
Lau et al.[29] Air Paratherm NF - P:0.1-4.24 MPaT: 0.1016 PP 0
298, 365K, Ug:
0.019-0.039 m/d/, :
0.0008-0.0032m/s
Lemoine et al[1] Ng, air Toluene, - P:0.182-0.82 MPaT: 0.316 S ©
toluene + benzoic ambient,Ug:
acid + benzaldehyde 0.056-0.15m/s
Letzel et al[55] N> H,O - P: 0.1-0.9 MPar: 0.15 PfP c]
ambient,Ug:
0.12-0.2m/s
Moujaes[56] N2, air Tetraline, HO, ethylene  — P: atm.,T: 275-293K, 0.127, S-ON, M-ON &
glycol Ug: 0.0152-0.1173m/s  0.3048,
1.8288
Ozturk et al[18] Air, COo, Xylene,p-xylene, - P:atm.,T: 293K, Ug: 0.095 S-ON &
N2, He, H» toluene + ethanol, 0.03-0.082m/s
ligroin, ethylbenzene,
ethylacetate, CG|
1,4-dioxane, acetone,
nitrobenzene,
1,2-dichloroethane,
aniline
Pino et al[57] Air Kerosene - P:atm.,T: 298K, Ug: 0.29 PP O
0.1-0.175ml/s
Pohorecki et al[58] N2 Cyclohexane - P:1.1MPaT: 0.304 M-ON O]
373-433K,Ug:
0.0035m/s
Saxena et a[25] Air H>0 - P: atm.,T: 343, 353K, 0.305 BC 3]

Ug: 0.01-0.3m/s
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Table 5 Continued)
Author Gas Liquid Solid Operating variables D¢ (m) Sparger Symbols
Shah et al[59] Air H»0O +ethanol - P: atm.,T: ambient,Ug: 0.1 SP iy
0.1058-0.2083 m/s
Syeda et al[60] Air Methanol + propanol, - P: atm.,T: ambient,Ug: 0.09 PfP N
ethyleneglycol + HO, 0.32m/s
propanol + HO
Tarmy et al[61] N2 n-Heptane - P:0.12-0.62 MPaT: 0.61 S-ON &
ambient,Ug: 0.12m/s
Towell et al.[62] CO, H,O - P:atm.,T: 300K, Ug: 0.407 S-ON v
0.07m/s
Veera et al[63] Air H>0 - P: atm.,T: ambient,Ug: 0.385 PfP, S-ON &
0.06-0.29 m/s
Wezorke[64] Air Mono-ethylene glycol - P: atm.,T: ambient,Ug: 0.44 S-ON W
0.11-0.41m/s
Wilkinson et al.[65] N2 0.8 M sodium - P: 0.1-2MParT: 293K, 0.15, R ¥
sulfite + HO, H O, Ug: 0.03-0.28 m/s 0.158,
mono-ethylene glycol, 0.23
n-heptane
Zou et al.[13] Air H>0, ethanol - P: atm.,T: 313-369.5K, 0.1 S-ON <&
Ug: 0.04-0.166 m/s,
UL :0.007 m/s
Deckwer et al[66] N> Wax Al>,O3 P:0.4MPa,T: 523K, 0.1 SP &
Ug: 0.0044-0.034 m/s,
Cy: 0-1.21vol.%
Luo et al.[67] N2 Paratherm NF Alumina P: 0.1-2.86 MPaT: 0.102 PfP ®
301K, Ug:
0.04-0.333m/sCy:
0-19.1vol.%
Kluytmans et al[24] N> H,0 Carbon P: atm.,T: ambient,Ug: 0.3 PfP v}
0.04-0.11m/sCy:
0-1.429x 103 vol.%
Choi et al.[68] Air H.0 Glass P: atm.,T: ambient,Ug: 0.456x0.153 PfP c}
beads 0.0205-0.08 m/y:
3vol.%
Gandhi et al[69] Air H->0 Glass P: atm.,T: ambient,Ug: 0.15 S ®
beads 0.05-0.26 m/sCy:
10-35vol.%
Lietal.[70] Air H.0 Glass P: atm.,T: ambient,Ug: 0.28 S &
beads 0.05-0.3m/s
O’Dowd [71] N2 H2O Glass P: atm.,T: ambient,Ug: 0.108 PfP &
beads 0.031-0.194 m/y:
4.17-10.74vol.%
Inga and Mors[19] Hy, CO, Hexanes Iron oxides  P: 0.126-0.767 MP&l: 0.316 S -
CHg, N2 ambient,Ug:
0.06-0.35m/sCy:
0-21.76 vol.%
Godbole[72] Air H20, H,O + CMC, Polystyrene, P:atm.,T: 298K, Ug: 0.305 PP ]
H,0 +0.8 M sodium coal, oil 0.017-0.57 m/s(y:
sulfite, O + ethanol, shell, sand 0-26.3vol.%
H>0 + propanol,
H,O + butanol,
H»>0 + methanol,
H,0 +glycerine,
Sotrol-130
Krishna et al[34] Air Paraffin ol Silica P: atm.,T: ambient,Ug: 0.38 SP 'y
0.085-0.2175m/<y :
0-36vol.%
Behkish et al[28] N2, He Isopar-M Alumina P:0.7-3.0MPar: 0.29 S 8]
300-453K,Ug:

0.07-0.39 m/sCy:
0-20vol.%
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Table 6
Available literature data on the holdup of large gas bubbles used in the developmen{4f Eq.
Authors Gas Liquid Solid Operating variable D¢ (m) Sparger Symbol
Ellenberger Air, Ar, Water, tetradecane, - P: atm.,T: 298K, Ug: 0.10, 0.19, SP A
and Krishna He, Sk paraffin oil 0.06-0.7 m/s 0.38
[73]
Grund et al. Air Water, methanol, — P:atm.,T: 293K, Ug: 0.15 PfP
[50] toluene, ligroin 0.103-0.195m/s
Hyndman et Air, Ar Water - P: atm.,T: ambient, 0.20 PfP v
al.[74] Ug: 0.04-0.15m/s
Jordan et al. N, He Ethanol, decalin, — P:0.1-4.0 MPaT: 0.1 PfP, PoP
[75] 1-butanol, toluene 293K, Ug:
0.01-0.22m/s
Lemoine et al. N2, air Toluene, - P:0.18-0.82 MPaT: 0.316 S [
[1] toluene + benzoic ambient,Ug:
acid + benzaldehyde 0.056-0.15m/s
Vermeer and Air Turpentine 5 - P:0.1MPa,T: 290K, 0.19 S ®©
Krishna Ug: 0.1-0.3m/s
[76]
Behkish et al. Ny, He Isopar-M Alumina P:0.7-3.0 MPar: 0.29 S ]
[28] 300-453 K Ug:
0.07-0.39 m/sCy:
0-20vol.%
Behkish[77] Ha, Na, Isopar-M Glass beads, Alumina  P: 0.17-3.00 MPaT: 0.29, 0.316 S O
CO, He, 298-453KUg:
CHg 0.06-0.39 m/sCy:
0-36vol.%
Inga[78] Hy, CO, Hexanes Iron oxides P:0.126-0.767 MPa, 0.316 S A
CHyg, N2 T: ambient,Ug:
0.06-0.35m/sCy:
0-21.76 vol.%
Lietal.[70] Air Water Glass beads P: atm.,T: ambient, 0.28 S @
Ug: 0.05-0.3m/s
Sehabiague et Ha2, N2 Sasol wax, Isopar-M Alumina, iron oxides  P: 0.17-3.00 MPaT: 0.29 S =
al.[79] 298-453K,Ug:
0.06-0.39 m/sCy:
0-20vol.%
1. If e is < (F)?®“ small gas bubbles do not exist; Ed)
cannot be used to splt; iNto ec-Large@Ndeg-Small.
1 . .
2. If, eg is >(F)®®* small and large gas bubbles coexist; Egs.
(1) and (4)can be used.
e : 4. Gas holdup prediction/analysis using the novel
e correlations
. A S
! ﬁ M . . .
B o3 2 4.1. Prediction of the gas holdup using Eq. (1) and
3 4. B 2 available literature correlations
& 0.1 vy EY
2 O] . . . .
! ve ﬁﬁ ¥ The literature correlations listed ifable 1along with Eq{(1)
(o] . . .
o 5 @ were used to predict the total gas holdup data obtained in BCR
and SBCR.
2 Fig. 3shows a comparison between the predicted and exper-
imental total gas holdup data obtained by Lemoine dtlaffor
N> in a mixture of toluene-benzoic acid-benzaldehyde aimed at
simulating the liquid-phase toluene oxidation process in BCRs.
0.01 . As can be clearly seen in this figure most of available liter-
0.01 0.1

holdup data using Ed¢4).

EG-Large Experimental =

1 ature correlations fail to predict the experimental gas holdup
values, whereas the predictions using @¢are in a very good

Fig. 2. Comparison between predicted and experimental large gas bubbl@dreement. This is because only the new correlation takes into

account the effect of liquid-phase composition on the total gas
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0.8 predict the effect of solid concentration on the gas holdup
—=—= Eqgutien{y) a2 of Hy in Isopar-M/glass beads slurry. E¢L), on the other
-y hand, shows the best fit within AARE ardof 12 and 10%,
respectively.
081 4.2. Prediction of the effect of operating variables on the
total gas holdup in a Fischer—Tropsch slurry reactor using
051 Eq. (1)

& 04 ] The importance of Fischer-Tropsch (F-T) slurry technology
stems from the fact that it is a vital venue for producing environ-
mentally acceptable ultra-clean fuels (sulfur-free) which might

e alleviate the world dependency on oil consumption. This imper-
b ative need for the development of F-T slurry technology can
0.2 (6) be demonstrated by the numerous worldwide activities, such
@ N,/ 88wl.% Toluene + 6 wt.% Benzoic acid + 6wt.% Benzaldehyde as: (1) Exxon’s piIot-scaIe SBCR (12 m diameter! 2lm helght)

- Ug=0.14 ms, 300 K, 0.316 m D, Spider {do=0.005 m) ‘ in Baton Rouge, Louisianfl5,81] with 200 bbl/day capacity

01 02 03 04 05 06 07 08 09 using Exxon’s proprietary cobalt and ruthenium-based catalysts
P, MPa [82]; (2) Rentech Inc. pilot-scale SBCR (1.83 mdiameter, 16.7 m

Fig. 3. Prediction of the experimental data by Lemoine efljlobtained in a helght) in Pueblo, Colorado with 500 bbl/day capacity using

BCR using Eq(1) and the available literature correlationsTable I (1) Hikita ir_on'based cataly_sﬂSZ];_ 3) Sasol’§ CommerCial SBCR (5m
etal.[3], (2) Bach and Pilhofei2], (3) Kumar et al[8], (4) HughmarK4], (5)  diameter, 22 m height) in South Africa with 2500 bbl/day capac-

Reilly et al.[9], (6) Zou et al[13], (7) Sauer and Hemp§l6], (8) Idogawa et ity using iron oxides cata|y$83]_

al. [5], (9) an et al[l4],. (20) Jordan. and Schump@], (11) Wilkinson et al. Eq. (1) was used to predict the effects of pressure, tempera-

[12]. (12) Krishna and Sif25), (13) Krishna and Ellenbergéf], (14) Urseanu - ‘a5 velocity, rector size, and distributor type on the total gas

et al.[11], (15) Schumpe et al17], (16) Reilly et al.[10]. . . .
holdup for syngas (CO and)in Fischer—Tropsch wax using

holdup as in the system employed by Lemoine efil.Fig. 4

shows a comparison between the experimental total 9as h0|dl]'l'—ﬁg|§a7l systems and conditions for Fischer—Tropsch synthesis in SBCRs
. . - . ypi Y iti i — Yy is i

data (_)b_talned by Behkish and MofS§i0] for Hz in Isopar-M, . [15.30,66.78.79.83]

containing 36 vol.% of glass beads and those predicted using

the correlations given iffable 1proposed for SBCRs. As can ©Operating conditions

. L . . Pressure (MPa) 2-5
be observed in this figure, literature correlations used do not Temperature (K) 473530
Superficial gas velocity (m/s) 0.05-0.4
0.5 Catalyst concentration (vol.%) 5-35
@ H,/lsopar-M/Glass beads
0.19 MPa, 300 K, 0.136 mvs, 0.316 m ID, Spider (d,=0.005m ID) Gas/liquid/solid system
Gas
Ho Ma =2.02 kg/kmol
0.4 co Ma =28.01 kg/kmol
@) H»/CO ratio 2
Liquid
0.3 A1 Wax (1-C17-Cro) Mg =567.4 kg/kmol
. Density oL (493K) =706 kg/m
S oL (513K) =696 kg/m
Viscosity uL (493K)=4.41x 103 Pas

— — — Equation (1)
0.0 T T T

0 10 20 30 40
C,, vol.%

Fig. 4. Prediction of experimental data of Behkish and M@&@] using available
published correlations developed for SBCR frdable 1and Eq.(1): (1) Fan
et al.[14], (2) Krishna and Si§L5], (3) Sauer and Hempgl6], (4) Schumpe et
al.[17].

Surface tension

Composition

Solid
Alumina powder
Density
Particle size

Reactor geometry

Column diameter
Height/diameter
Sparger type
Orifice diameter
Wemin

uL (513K)=4.04x 10 3Pas
oL (493K)=18x 103 N/m
oL (513K)=17x 103 N/m
Xw=1.0

Support for cobalt catalyst
pp=3218.3kg/m
dp=42x10"%m

0.1-5m

4-20

M-ON, S

0.01-0.03m
10
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(a) 0.15 m/s, 30 vol.%, 5m ID (b) 3 MPa, 0.15 m/s, 5m ID (c) 3 MPa, 500 K, 30 vol.%

510 :
500 100 - A CU.ZO 0.95
Tk 410 © Vi vor g

0.30

Fig. 5. Effect of the operating variables and reactor size on the total syngas holdup in wax under Fischer—Tropsch condition&g#BORm i.d.).

SBCRs of different sizes, operating under typical F—T condi-30 vol.% of alumina-supported cobalt catalyst in a 5m i.d. col-
tions[15,30,66,78,79,834s summarized iffable 7 It should umn and a multiple orifice nozzle gas distributor with 0.02m
be noted that these predictions are solely valid for non-reactived. orifice, the syngas holdup in wax is about 18%. This rela-
systems since the typical industrial operating conditions of F—Tively low gas holdup can be attributed to the small density of
slurry reactors are well within the limits of the variables giventhe syngas used (7.82 kg/kmol) and the relatively high catalyst
in Table 4 which were used to develop Ed.). loading which led to bubbles coalescence and froth reduction
Fig. 5(a—c) shows the effect of the operating conditions and14,16,28]

slurry reactor geometry on the gas holdup of a syngas having Fig. 5c) shows the effect of the internal diameter ofthe SBCR
a Hp/CO =2 in wax under typical Fischer—Tropsch conditions;on the total gas holdup under the following condition: 3 MPa,
and as can be seeg increases with increasing pressure, tem-500 K, 30 vol.% of alumina-supported cobalt catalyst and a mul-
perature, superficial gas velocity and decreases with increasiriple orifice nozzle gas distributor with 0.02 mi.d. orifice; and as
catalystconcentration, whichisin agreementwith literature findcan be observed the total gas holdup decreases by 17% when the
ings [1,3,6,7,10,12,14,28,34,55,67,69,78d]his figure shows reactor diameter increases from 0.1 to 0.8 m and then levels off.
that under the following conditions: 3 MPa, 493K, 0.15m/s,Also, the total gas hold up appears to decrease by 22% when the

0.35 0.35
M-ON s
d=001m dg= 0.01 m
0.30{ | ——— do=002m 0.304 | ——— dg-002m
dp=0.03m © dg=0.03m

., 0.251 , 0.254
9 9

0.20 1 0.20 4

0.15 1 s 0.15- 2

0.10 T T T T T T T 0.10 T T T T T T T

0.05 010 0.15 0.20 025 0.30 035 040 0.45 0.05 0.10 0.15 0.20 025 030 0.35 040 0.45
Ug, m/s Ug, m/s
0.35 0.35
M-ON, dg =0.01 m - M-ON, d=0.03 m

0304 | ——— s, dp=0.01m 0.30 1 —— = 8,dg=0.03m /,"
., 0.25- , 0254
Q O

0.20 “ 0201

0.15 4 0.154

0.10 v - v : . v - 0.10 v : v v . v :

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.05 0.10 0.15 0.20 0.25 0.30 0.35 040 045
Ug. m/s Ug. m/s

Fig. 6. Effect of gas sparger on the total gas holdup of synga¢C®i=2/1) in wax using Eq1) (3 MPa, 500K, 30vol.%, 5m i.dWemin = 10).
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reactor d.ia.meter is increased from 0.1 to 5m i.d., indicat'ing_ a Sl P s o e s g mai
non-negligible dependency of the total gas holdup on the inside ceenseenenes Large
diameter of SBCRs. smal

4.3. Prediction of the effect of gas distributor design on the
total gas holdup in a Fischer—Tropsch slurry reactor using

Eq. (1)

Eq. (1) was also used to predict the effect of gas distributor- -
type on the total gas holdup in SBCR, operating under typical -
non-reactive Fisher—Tropsch conditions. Two different gas dis- =
tributors, a multiple-orifice nozzle and a spider-type gas distrib- 0.0 =~ :
utor were used. Since the diametép) and the numberNp) 0 10 20 30 40
of orifices affect the total gas holdup, the diameter of the orifice Cy vol.%
was fixed at a given value, whereas the number of orifices was
calculated based on the orifice Weber numbygrd) defined as 0.3

3 MPa, 500 K, 5 vol.%, 5m ID, M-ON, H, /CO=2
2
PGUG,odO _ ,OGUéDé
- 2 13
oL N§daoL

Weg = (6)

Under the conditions studied, an arbitravyc = 10 at the mini- .
mum superficial gas velocity used was assumed to calculate the @
number of orificesXp) from Eq.(7), since it has been reported

that whenWeg is greater than 2, the bubble breakage and axial
mixing in the slurry are enhanc¢80].

2 4
pcUE D
No= G,gmn C (7)
104301

Fig. 6 illustrates that for the multiple-orifice nozzle and the
spider-type gas distributor the decreases with increasing ori- Fig. 7. Effect ofCy andUg on the holdup of large and small bubbles of syngas
fice diameter. For instances appears to decrease by 4.3 andin wax under Fischer—Tropsch conditions using . (4) and (5)

6.7% and by 5.3 and 8.2% for the multiple-orifice nozzle and

spider-type distributor with increasing the orifice diameter fromthat of large gas bubbles start to decrease due to the enhance-
0.01 to 0.02 and from 0.01 to 0.03 m, respectively. Althoughment of the coalescence of gas bubbles with increasing the slurry
these increases seem insignificant, the trend indicates that largiscosity. Such a behavior is in agreement with the available lit-
gas bubbles are formed with the larger orifice diameter and coreraturg15,28]and should be considered in modeling of SBCRs
sequently lower total gas holdup was predicted. for Fischer—Tropsch synthesis.

Fig. 6 also shows that the total gas holdup obtained with Fig. 7also shows that increasing the superficial gas velocity
the spider-type distributor is consistently greater than that witf{Ug) increases both the holdup of small and large gas bubbles. At
a multiple-orifice nozzle which can be attributed to the morelow Ug (<0.04 m/s), however, it seems that the reactor operates
even gas distribution achieved with the spider-type sparger. This the homogeneous (bubbly) flow regime where only one-class
difference between the gas holdups by the two distributors, howef gas bubbles exists; accordingly the gas bubbles cannot be
ever, is about 5.5 and 3.8% for 0.01 and 0.03 m orifice diametesplit into small and large. AUg > 0.04 m/s, the gas bubbles

0.5

Ug, m/s

respectively which is small. interaction increases and the frequency of gas bubble breakup is
enhanced12,19] indicating a heterogeneous (churn-turbulent)

4.4. Prediction of large and small gas bubbles holdup in a flow regime. In fact, WheWG increases from 0-Q5lt0 0.4mi/s,

Fischer—Tropsch slurry reactor using Egs. (4) and (5) the total gas holdugg is doubled; howevetg.smaiis increases

11 times, which underlines the importance of considering both

Fig. 7shows the effect of solid concentratiafy, and super- Small and large gas bubbles in modeling, design, and scaleup of
ficial gas velocity,Ug, on the total holdup along with those of SBCRs.
large and small bubbles of syngas(BO = 2) in wax under typ-
ical Fischer—Tropsch conditions. As can be seen in this figuré. Conclusions
increasing catalyst concentration from 0 to 14 vol.% decreases
the holdup of small gas bubbles whereas that of large gas bubbles Two novel correlations were developed using our gas holdup
remains almost unchanged. At catalyst concentration greatelata and those available in the literature obtained for different
than 14 vol.%, the holdup of small gas bubbles vanishes andases in various liquids and slurries using bubble columns and
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slurry bubble column reactors operating under wide ranges of8] A. Kumar, T.E. Degaleesan, G.S. Laddha, H.E. Hoelscher, Bubble
conditions in different size reactors provided with a variety of ~ swarm characteristics in bubble columns, Can. J. Chem. Eng. 54 (1976)
gas distributors. The correlations were able to predict the experi- 503-508. ) _ , _

L. . [9] I.G. Reilly, D.S. Scott, T.J.W. de Bruijn, A. Jain, J. Piskorz, A correlation
mental data Wlth||.1 g_OOd absolute average I_’elatlve error (AARE) for gas holdup in turbulent coalescing bubble columns, Can. J. Chem.
and standard deviation). The novel correlations were also used Eng. 64 (1986) 705-717.
to predict the gas holdup in BCRs and SBCRs, and to study thi0] I.G. Reilly, D.S. Scott, T.J.W. de Bruijn, D. Maclintyre, The role of gas
effects of pressure, temperature, gas velocity, rector size, and Pphase momentum in determining gas holdup and hydrodynamic flow
distributor type on the gas holdup for syngaszl((ED:Z) in regimes in bubble column operations, Can. J. Chem. Eng. 72 (1994)

. . ’ . 3-12.
Fischer—Tropsch wax using SBCRs of different sizes. The 9881] M.I. Urseanu, RPM. Guit, A. Stankiewicz, G. van Kranenburg,

ho'qu predicti_ons using the novel correlations led to the fol- 3 H.G.M. Lommen, Influence of operating pressure on the gas hold-up
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