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bstract

The holdups of small and large gas bubbles, bubble size distribution and the Sauter-mean bubble diameter were measured for N2 and He in
soparaffinic organic liquid mixture (Isopar-M) in the absence and presence of Alumina powder under various pressures (0.67–3 MPa), temperatures
300–473 K), superficial gas velocities (0.07–0.39 m/s), and solid concentrations (0–20 vol.%) in a large-scale bubble column and slurry bubble
olumn reactor (SBCR) (0.29 m diameter, 3 m height). The gas holdup was measured using the manometric method and the bubble size distribution,
nd Sauter-mean bubble diameter were obtained using the dynamic gas disengagement (DGD) technique and the photographic method.

The experimental data showed that the total gas holdup increased with pressure and superficial gas velocity due to the increase of gas momentum
hich shifted the bubble size distribution towards smaller gas bubbles. The total gas holdup was also found to increase with temperature due to

he decrease of liquid viscosity and surface tension. Increasing the solid concentration, on the other hand, resulted in a significant decrease of the

otal gas holdup and significantly increased the Sauter-mean bubble diameter. The online monitoring of the swarm using the high-speed camera
howed a decrease of the froth stability in the reactor with increasing solid concentration and temperature which were responsible for the decrease
f the total gas holdup.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Commercial processes conducted in slurry bubble column
eactors (SBCRs), including Fischer–Tropsch and methanol
yntheses, are generally carried out under high pressures
1–8 MPa) [1], temperatures (500–541 K) [1–4], and gas super-
cial velocities (0.095–0.35 m/s) [2,3], with (30–40 vol.%) cata-

yst loadings [1,4], in large-diameter (5–8 m) reactors [1]. Under
uch wide ranges of operating conditions, the physicochemi-
al properties of the three-phase system are greatly affected,

nfluencing the kinetics, hydrodynamics, and heat/mass trans-
er characteristics, and subsequently the selectivity and yield of
he process. For instance, under high pressures, temperatures,
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as superficial velocity and catalyst loading, the slurry as well
s liquid-phase viscosity, density, surface tension, and foaming
endency are altered, affecting the formation and stability of
he gas bubbles and consequently the hydrodynamic and mass
ransfer behavior in the reactor. In SBCRs operating in the churn-
urbulent flow regime, the mass transfer behavior is controlled
y the gas–liquid interfacial area [5] and hence the knowledge
f the gas holdup and bubbles size/distribution as well as the
nfluence of operating variables on these parameters is essential
or proper design and scale-up of such reactors.

Table 1 summarizes available literature studies on high pres-
ure, high temperature bubble columns and slurry bubble column
eactors and the following observations can be made. Deckwer

t al. [6] studied the hydrodynamic of Fischer–Tropsch in slurry
rocess at elevated pressures (0.4–1.1 MPa) and temperatures
416–543 K) in two small-diameter SBCRs (0.041 and 0.10 m)
perating in the homogeneous flow regime at superficial gas

mailto:Morsi@engr.pitt.edu
dx.doi.org/10.1016/j.cej.2006.10.016
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Nomenclature

Cs solid concentration by weight in the slurry (w/w)
CV volumetric solid concentration in the slurry (v/v)
d32 Sauter-mean bubble diameter (m)
dB bubble diameter (m)
dp particle Sauter-mean diameter (m)
Dc diameter of the column (m)
h height of dispersion (m)
HC height of the column (m)
L height of the dP cell legs from bottom of the col-

umn (m)
MG gas momentum per unit mass of liquid (m/s)
P total pressure (MPa)
T temperature (K)
UG superficial gas velocity (m/s)
UL superficial liquid velocity (m/s)

Greek letters
εG gas holdup (–)
μL liquid viscosity (Pa s)
ρG gas density (kg/m3)
ρL liquid density (kg/m3)
ρP density of the solid particle (kg/m3)
ρSL slurry density (kg/m3)
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order to enable recording the bubbles size/behavior under a given
σL liquid surface tension (N/m)

elocities <0.04 m/s. Under such conditions, the authors found
o significant effect of pressure on the gas holdup in both reac-
ors and reported that the gas holdup decreased with temperature
n the 0.041 m column and there was no effect of temperature on
as holdup in the 0.10 m column. They attributed the decrease
f gas holdup in the 0.041 m column to the wall effect [6], which
ccurs mainly in small-diameter columns. Jager and Espinoza
7] noticed that the hydrodynamics in a 0.05 m diameter col-
mn were considerably different and could not simulate those
xpected in large-diameter columns [7].

Pohorecki et al. [8] studied the hydrodynamics of N2 in
ater in a 0.3 m diameter bubble column under elevated pressure

1.1 MPa) and temperature (433 K), and found that in the homo-
eneous flow regime, the gas holdup and Sauter-mean bubble
iameter for N2 in water were independent of pressure and tem-
erature at superficial gas velocities <0.02 m/s. More recently,
owever, Pohorecki et al. [9] determined the hydrodynamics
f N2 in cyclohexane under similar operating conditions using
.3 m bubble column and found that the gas holdup increase
hereas the Sauter-mean bubble diameter decrease with tem-
erature due to the decrease of the liquid surface tension. Thus,
he results by Pohorecki et al. [8,9] underline the impact of liq-
id nature, aqueous (water) versus organic (cyclohexane) on the
ehavior of the gas holdup. The agreement between the find-
ngs by Deckwer et al. [6] and Pohorecki et al. [8] concerning

he effect of pressure on the gas holdup can be attributed to
he fact that their reactors were operated in the bubbly (homoge-
ous) flow regime where low interactions among gas bubbles are

o
2
a
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xpected. Letzel et al. [10], showed that the gas holdup was inde-
endent of pressure up to a gas superficial velocity of 0.045 m/s,
nd above this value the gas holdup was found to increase with
ressure in the range from 0.1 to 1 MPa. This observation is in
greement with a number of investigators who reported that in
he churn-turbulent flow regime, the gas holdup increases with
ressure, due to the increase of gas density [11–14], the reduc-
ion of the bubble size, and the increase of the bubble number
ensity [4,15–17]. Moustiri et al. [18] reported a weaker effect
f gas velocity on the gas holdup at superficial gas velocities
0.045 m/s, indicating that this value represents the transition
rom the homogeneous to the churn-turbulent flow regime in
ubble column reactors.

Lin et al. [19] studied the effect of temperature up to 351 K
n the gas holdup and bubble size distribution and reported
hat in a 0.05 m bubble column, the maximum stable bubble
ize of N2 in Paratherm NF decreases with temperature due
o a combined effect of decreasing liquid viscosity and sur-
ace tension. Several investigators also reported that gas holdup
ncreases with decreasing liquid viscosity [13,20–23] and sur-
ace tension [24]. Also, Clark [25] studied the gas holdup of

2 and H2 in a 0.075 m diameter SBCR under pressures and
emperatures up to 10 MPa and 453 K and found that at low
uperficial gas velocity, the holdup of H2 was higher than that
f N2 and reported a poor agreement between his experimental
ata and those predicted using available literature correlations
25].

Thus, from this brief introduction, it appears that the hydro-
ynamics of the SBCRs have not been investigated in large-
iameter columns under elevated pressures and temperatures
n the churn-turbulent flow regime (high superficial gas veloci-
ies). Also, the gas holdup and the Sauter-mean bubble diameters
btained under the conditions summarized in Table 1 could not
e used to simulate the performance of commercial SBCRs.
herefore, the objective of this study is to present experimen-

al data and analysis of the gas holdup, bubble size distribution,
nd Sauter-mean bubble diameter (d32) for N2 and He in an
rganic liquid mixture (Isopar-M) in the presence and absence
f an actual Fischer–Tropsch catalyst support (Alumina pow-
er). The data were obtained in a large-diameter SBCR (0.29 m
iameter) operating in the churn-turbulent flow regime under
igh pressures (0.67–3 MPa), temperatures (300–473 K), and
olid concentrations (0–20 vol.%).

. Experimental

.1. Experimental setup

Fig. 1 shows a schematic diagram of the slurry bubble col-
mn reactor used in this study. The reactor is 3 m high and 0.29 m
iameter SCH 80, 304 Stainless steel pipe with 600 lb flanges
t both ends. The reactor is provided with two Jerguson sight-
indows located near the bottom and the middle of the reactor in
perating condition. The reactor’s hydro-pressure is 8.55 MPa at
95 K and its maximum allowable working pressure is 5.7 MPa
t a maximum temperature of 590 K. The reactor is equipped
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Table 1
Available literature studies on high temperature bubble and slurry bubble column reactors

Authors Gas/liquid Solid Conditions Column i.d. × height Remarks

De Bruijn et al. [26] H2/Zerice oil P: 5–14 MPa; UG: up to 0.02 m/s; T: 573 K 0.0508 m × 2.4 m εG increased with pressure
Chabot and Lasa [27] N2/paraffin oil Patm; UG: 0.022–0.147 m/s; T: 373 and 448 K 0.2 m × 2.4 m Bubble chord length

increased with decreasing T
Grover et al. [28] Air/H2O, NaCl, CuCl2 Patm; UG: 0.001–0.045 m/s; T: 303–353 K 0.1 m × l.5 m εG decreased with T for

air/H2O, but increased for
air/electrolyte at low UG

Lin et al. [16] N2/Paratherm NF P: up to 15.2 MPa; UG: up to 0.07 m/s; T: up to 351 K 0.0508 m × 0.8 m Regime transition delayed
with P and T

Lin et al. [19] N2/Paratherm NF P: up to 15.2 MPa; UG: 0.02–0.08 m/s; T: up to 351 K 0.0508 m × 0.8 m; 0.1016 m × l.58 m Maximum stable bubble
size decreased with P and T

Pohorecki et al. [8] N2/H2O P: 0.1–1.1 MPa; UG: up to 0.02 m/s; T: 303–433 K 0.304 m × 3.99 m �G and d32 are independent
of P and T

Pohorecki et al. [9] N2/cyclohexane P: 0.2–1.1 MPa; UG: 0.002–0.055 m/s; T: 303–433 K 0.3 m × 4 m �G increased with
temperature

Zou et al. [29] Air/H2O, alcohol, 5%
NaCl

Patm; UG: 0.01–0.16 m/s; UL: 0.007 m/s; T: 318–370 K 0.1 m × 1.05 m �G increased with UG and T

Lau et al. [30] N2, air/Paratherm NF P: up to 4.24 MPa; UG: up to 0.4 m/s; UL:
0.08–0.89 cm/s; T: up to 365 K

2 columns of 0.0508 and 0.1016 m i.d. �G increased with P and T.
Influence of column
diameter. Influence of UG

and UL on εG.
Daly et al. [31] N2/FT-300 paraffin wax,

Sasol wax
Patm; UG: up to 0.12 m/s; T: 538 K 0.05 m × 3 m; 0.21 m × 3 m Sauter-mean bubble

diameters were higher in
the smaller column for
FT-300 wax

Soong et al. [32] N2/Drakeol-10 oil P: 0.1 and 1.36 MPa; UG: up to 0.09 m/s; T: 293 and
538 K

0.1 m × 2.44 m d32 decreased with T

Ishibashi et al. [33] H2/oil H2/water Coal P: 16.8–18.7 MPa; UG: 0.07–0.08 m/s; T: 322–731 K 3 rectors of 1 m × 11 m Homogeneous flow regime
observed at UG ≤ 0.07 m/s

Bukur et al. [34] N2/FT-300 paraffin wax Iron oxide and silica Patm; UG: 0.02–0.12 m/s; T: 538 K; Cs: 10–30 wt.% 0.05 m × 3 m Effect of slurry circulation
and solid concentrations

Clark [25] N2, H2/H2O, CH3OH Glass beads P: up to 10 MPa; UG: up to 0.06 m/s; T: 293 and
453 K; Cs up to 10 wt.%

0.075 m × 3 m Liquid vapor at high T
increased
εG. εG(H2) > εG(N2)

Deckwer et al. [6] N2/paraffin wax Al2O3 P: up to 1.1 MPa; UG: up to 0.04 m/s; T: 416 and
543 K; Cs: up to 16 wt.%

2 reactors of 0.041 and 0.1 m i.d. εG decreased with T in
small column, but
independent in large
column. No effect of P on
εG

Luo et al. [17] N2/Paratherm NF Alumina P: 0.1–5.62 MPa; UG: up to 0.4 m/s; T: 301 and
351 K; CV: 8.1 and 19.1 vol.%

0.102 m × l.37 m Maximum stable bubble
size is independent of slurry
concentration at high
pressure

Saxena et al. [35] Air/H2O Glass beads Patm; UG: up to 0.3 m/s; T: 298–363 K; Cs:0–30 wt.% 0.305 m × 3.25 m Effect of internal tubes on
the gas holdup

Yang et al. [36] N2/Paratherm NF Glass beads P: up to 4.2 MPa; UG: up to 0.2 m/s; T: up to 354 K;
CV: up to 35 vol.%

0.1016 m × 1.37 m Heat transfer coefficient
decreases with pressure
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Fig. 1. Schematic of the

ith 12 heating elements and an internal cooling coil of 0.306 m2

otal contact area. The heating elements, covered with a heavy-
uty insulation jacket, operate with 460 V and are controlled by
Solid State Contactors rated up to 50 A. The gas is introduced

rom the supply vessel through the bottom of the column via a
pider-type gas distributor provided with 6 legs, each having 6
rifices of 0.005 m i.d. on each side and the bottom, totaling 18
oles on each leg and 108 on the sparger. There are no orifices
n the top of the legs so that no solid particles could get into and
lug the sparger. The gas sparger is screwed onto a 0.0254 m i.d.
ipe and is located about 0.152 m from the bottom of the col-
mn. This sparger is identical to that previously employed by
nga and Morsi [11], Behkish et al. [5], and Lemoine et al. [37].
he gas is recycled through the reactor using a single-stage com-
ressor built by Fluitron Inc., Ivy land, USA. The compressor
as a nominal displacement of 4.8 × l0−3 m3/rev using 30 hp,
160 rpm electric motor. The gas flow rate is measured using
Coriolis mass and density-meter model CMF1OOM33ONU

hat transmits a current output signal through a transmitter model
FT9739E4SUJ, manufactured by Micro Motion, USA. The gas
elocity can be adjusted with a needle valve through a bypass
ine around the compressor inlet and outlet. A damper vessel is
laced at the compressor’s outlet to reduce the vibrations and
uctuations created by the movements of the piston. A demister

s placed at the outlet of the column to prevent liquid droplets

nd solid particles from entering the compressor. In addition,
filter manufactured by Parker Hannifin Corp., USA is placed
etween the demister and the compressor as second-stage device
o prevent any solid particles and liquid droplets or oil mist from

i
s
t
f

bubble column reactor.

ntering the compressor. There are two differential pressure cells
dP), model IDP10-V20A11F manufactured by Foxboro, USA
ated at 7.5 kPa connected at different locations on the reactor,
hich allow the measurement of the hydrostatic pressure head
etween any two levels in the reactor. The pressure and tem-
erature of the entire system are recorded with five pressure
ransducers manufactured by Wika, Germany, and seven ther-
ocouples type J manufactured by Omega Engineering Inc.,
SA, respectively. The design of this unit allows the gas to flow

hrough or bypass the liquid or slurry inside the reactor using the
wo pneumatically actuated valves (AV-1 and AV-2), and permits
p to 60% of the gas in the reactor to be sent back to the supply
essel without venting to the hood.

An online data acquisition system for the thermocouples,
ressure transducers, dP cells, and the Coriolis mass flow meter
s performed using National Instrument FieldPoint modules FP-
C-120 and FP-AI-110, which are connected to a serial bus
odule (FP-1000) with RS-232 interface to a host personal com-

uter (PC). The output signals from the host PC are received by
he FieldPoint module (FP-AO-V10) for controlling the pneu-

atically activated valves and heating the elements of the reac-
or. The LabView software is used to monitor the process and
erform the appropriate programs for I/O applications. In addi-
ion, a high-speed phantom camera version 3.3.294-RO with a
ecording rate of 1000 picture/s and an exposure time of 50 �s

s used to monitor and record through the sight-windows the
ize/behavior of the gas bubbles at any operating condition. On
he average, 300 frames are recorded and processed to obtain a
ully animated file for each experimental run.
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Table 2
Physical properties of Isopar-M

T (K) ρL (kg/m3) μL (mPa s) σL (N/m)

298 783.3 2.70 0.027
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73 746.5 1.14 0.023
73 697.3 0.56 0.017

.2. Gas–liquid–solid systems and operating variables

Two inert gases (N2 and He) of different molecular weights
28 and 4 kg/kmol) were used in the experiments for safety
onsiderations within the University environment. One liquid
ydrocarbon, Isopar-M, which is an isoparaffinic liquid mix-
ure of C10–C16 with a molecular weight of 192 kg/kmol was
mployed. The solid-phase was Alumina powder with a density
f 3218.3 kg/m3 and a mean and Sauter-mean particle diameter
f 32.33 and 42.37 �m, respectively. Several physical proper-
ies of Isopar-M were obtained from the manufacturer (Exxon
hemicals, USA) and the values were correlated as a function
f temperature [38]. Table 2 presents the density, viscosity, and
urface tension of Isopar-M predicted at three different temper-
tures and 0.1 MPa. Fig. 2 shows the effects of pressure and
emperature on the viscosity of Isopar-M. The figure shows that
he viscosity decreases by about 80% when the temperature is
ncreased from 298 to 473 K and increases by approximately 5
nd 9% with increasing pressure from 0.55 to 3.5 MPa at 298
nd 473 K, respectively. The effects of pressure on the liquid
ensity and surface tension, however, were insignificant.

All experiments conducted in this study were designed and
nalyzed using the central composite statistical design (CCSD)
or four variables at five levels. Details of the CCSD can be
ound elsewhere [39]. The operating variables were pressure,
uperficial gas velocity, temperature, and volumetric solid con-

entration (CV) with the following ranges: P (0.67–3 MPa), UG
0.07–0.39 m/s), T (300–473 K), and CV (0–20 vol.%).

Fig. 2. Effects of pressure and temperature on the viscosity of Isopar-M.
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.3. Experimental procedures and calculation methods

.3.1. Manometric method
The gas holdup calculation procedure was similar to that

eveloped by Inga and Morsi [11]. In this method, the gas flow
hrough the slurry-phase alters the pressure drop in the column
hich can be expressed as:
PT

PB

dP = −
∫ LT

LB

ρFg dh (1)

n this equation, ρF is the density of the three-phase in the reactor.
B and LT with their corresponding PB and PT are the positions
nd pressures of the lower and upper legs of the dP cell, respec-
ively.

Assuming that the density of the three-phase system does
ot significantly change between points B and T, Eq. (1) can be
ntegrated as:

PB − PT) = ρFg(LT − LB) (2)

he pressure difference (PB − PT) is directly measured by the dP
ell, and since the distance between the legs (�Lcell) is known,
he above expression can be written as:

Pcell = ρFg �Lcell (3)

he density of the three-phase system can be expressed by Eq.
4):

F = εGρG + (1 − εG)ρSL (4)

y substituting Eq. (4) into Eq. (3) and solving for εG, the fol-
owing expression can be obtained:

G =
(

ρSL

ρSL − ρG

) (
1 − �ρcell

ρSLg �Lcell

)
(5)

.3.2. Dynamic gas disengagement technique
The dynamic gas disengagement (DGD) technique relies on

he assumption that large gas bubbles have greater rise velocity
nd therefore disengage first, whereas small gas bubbles retained
ithin the slurry or entrained in the wakes created by the flow
f large gas bubbles have smaller rise velocity and therefore dis-
ngage later [11,5]. Numerous investigators [1,5,11,31,40–45]
eported that the use of the DGD allowed to classify gas bubbles
nto two categories, large and small bubbles. The classification
as generally performed by analyzing the rate of gas bubbles
isengagement recorded when the gas flow into the reactor was
uddenly interrupted. Several investigators, however, argued that
he disengagements of the large and small gas bubbles occur
imultaneously whether the bubbles are interacting or inde-
endent of each others [43,46]. Another argument was made
oncerning the consideration of a constant slip velocity between
he gas bubbles and the liquid during bubbles disengagement
nd liquid down-flow [43,44]. Also, Jordan et al. [47] pointed
ut that the “sequential” disengagement of large and then small

as bubbles could lead to underestimation of the gas holdup of
mall gas bubbles and they also showed that the effect of a con-
tant gas slip velocity on the holdup of small gas bubbles could
e neglected within an acceptable error.
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In this study, the DGD technique was used to obtain the
ubble size distribution and the Sauter-mean bubble diame-
er, to classify the gas bubbles into small and large, and to
alculate their corresponding holdups in the SBCR. This tech-
ique, developed by Inga and Morsi [11] and used by Behk-
sh et al. [5] and Lemoine et al. [37], assumes that the total
olume of small and large gas bubbles entering and leaving
he dP zone delineated by the two legs remains unchanged.
his assumption overcomes the problem of underestimating

he gas holdup of small gas bubbles as suggested by Jordan
t al. [47]. The DGD responses were analyzed to determine
he bubble sizes as well as the corresponding gas holdup of
mall (εG-small) and large (εG-large) gas bubbles; and in this
tudy, the gas bubbles having a diameter ≤0.0015 m were arbi-
rarily considered small bubbles. This value (d∗

B = 0.0015 m)
as visually observed in our laboratory and was arbitrary

dopted as the maximum diameter of small gas bubbles. The
auter-mean bubble diameter (d32) was calculated using Eq.
6):

32 =
∑k

i=1ni d
3
Bi∑k

i=1ni d
2
Bi

(6)

urthermore, the total gas holdup is expressed in
erms of the holdup of small and large gas bubbles
s:

G = εG-small + εG-large (7)

.3.3. Photographic method
As mentioned above, the SBCR is equipped with two Jer-

uson sight-windows which allow simultaneous monitoring of
he gas bubbles and the bed height during operation. Using
he phantom high-speed camera, a mini-movie of the gas bub-
les rising through the solid-free liquid was recorded, and
mages were then selected. Analyzing a single frame obtained
nder a specific operating condition allowed the determina-
ion of the bubble size distribution. All bubble sizes visi-
le in the frame of reference were carefully selected, and
sing Adobe Photoshop, the picture was digitalized so it could
e statistically analyzed. Fig. 3 shows a sample image shot
sing the phantom camera and the digitalized image of the
ame shot. Once every gas bubble has been identified and
he image digitalized, the BioScan Optimas version 4.1 Soft-
are package was used to determine the area of each gas
ubble from which the individual bubble diameter was cal-
ulated. The bubble size distribution, statistically obtained, is
hen expressed in terms of the number frequency as a func-
ion of the bubble diameter. On the average about 200 bub-
les were systematically analyzed for each photograph. It

hould be mentioned, however, that the photographic method
as only used when the column was operating in the bub-
le column mode because the addition of the solid parti-
les to the liquid made imaging of the gas bubbles diffi-
ult and proper video sampling of the gas bubbles was not
easible.

o
b
l
b
u
a

ig. 3. (a) Snap shot using phantom high-speed camera through the Jerguson
ight-windows of the bubble column reactor. (b) The digitalized image of the
ame shot using Adobe Photoshop software.

. Gas holdup

.1. Effect of pressure and solid concentration on εG

Fig. 4 illustrates the effect of pressure on the total gas holdup
εG) and the holdup of large gas bubbles (εG-large) for N2 and He
n Isopar-M in the absence of Alumina powder; and as can be
een the total gas holdups for both gases increase with pressure
hereas the gas holdup of large bubbles is almost independent
f pressure. This means that the increase of εG with pressure (or
as density) is mainly due to the increase of the gas holdup of
mall gas bubbles (εG-small), which is in agreement with the find-
ng by Jordan et al. [47]. Fig. 4 also shows that at low pressures
1.7 MPa, the fast initial increase of gas holdup for He suggests

hat its bubbles are larger than those of N2, however, under high
ressures from 1.7 to 3 MPa, the increase of εG for He and N2
eems to lie within the same order of magnitude. This behavior
s because under low pressure, large and less-dense gas bubbles
re formed and increasing the gas momentum under such condi-
ions increases the rate of bubbles rupture and subsequently the
as holdup of small gas bubbles, whereas under high pressures,
mall and dense gas bubbles are found and increasing the gas
omentum under such conditions would not be enough to rup-

ure the small and dense gas bubbles and therefore the increase
f εG becomes insignificant. Similar observations were made
y Inga and Morsi [11] who reported that εG increases under

ow pressures and then levels off under high pressures due to a
alance between the gas bubbles rupture and coalescence. Thus,
nder high pressure, the coalescence tendency of gas bubbles
fter their formation at the gas sparger would not be affected
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ig. 4. Effect of pressure on the εG-large (symbols: plain, εG; solid, εG-large).

48], and therefore the gas holdup of large gas bubbles remain
onstant.

Fig. 5 shows the effect of pressure at different volumetric
olid concentration on the total gas holdup (εG) for N2 and
e; and as can be seen over the solid concentration ranges

nvestigated, εG values systematically increase with pressure,
owever, the rate of εG increase appeared to gradually dimin-
sh with increasing pressure. For instance, in the case of N2,
hen the pressure increases from 0.67 to 1.7 MPa, εG increases
y 12, 14, and 22% at 0, 10, and 20 vol.% solid concentra-
ion, respectively; and beyond 1.7 MPa an increase of εG by
bout 7% for these three solid concentrations can be observed.
n the case of He, on the other hand, the increase of εG with
ressure appears to be greater than that of N2 as 18, 20, and
7% gas holdup increase can be observed with increasing pres-
ure from 0.7 to 1.7 MPa with the same solid concentrations
sed.

Fig. 5 also shows the effect of solid concentration on the total
as holdup; and as can be observed increasing solid concentra-
ion dramatically decreases the total holdup of both N2 and He
n the range of pressure investigated which agrees with available

iterature findings [1–4,11]. In this study, when solid concentra-
ion is increased from 0 to 10 vol.%, the gas holdup of N2 and
e decreased by about 20 and 10%, respectively and when the

olid concentration reached 20 vol.%, the holdup of N2 and He

f
a
g
e

Fig. 5. Effect of P and CV on εG of N2 and He.

as decreased by about 50 and 65%, respectively. This behav-
or can be related to the fact that increasing solid concentration
eads to the increase of slurry viscosity which promotes the for-
ation of larger gas bubbles. Furthermore, if the pressure and

as velocity are maintained at constant level, the gas momen-
um per unit mass of slurry would decrease and consequently,
he total gas holdup is expected to decrease [11]. Therefore, the
lurry viscosity seems to have a strong impact on the gas holdup
hich is in agreement with literature data [3,11]. It should be
entioned that the relatively small increase of gas holdup with

ressure at high solid concentration indicates that the gas bub-
les coalescence (forming large bubbles) is stronger than their
hrinkage (forming small bubbles) under high pressures which
s in agreement with the finding by Inga and Morsi [11].

Fig. 6 illustrates the effect of volumetric solid concentration
n εG-small and εG-large of both N2 and He in Isopar-M/Alumina
ystem; and as can be noticed the εG-small values for both gases
ecrease at all solid concentrations used, whereas those of
G-large first increase up to a solid concentration of 10 vol.% and
hen decrease with increasing solid concentration regardless of
he system pressure. In the case of N2, at solid concentrations

rom 0 to 10 vol.%, the decrease of εG-small is accompanied by
n increase of εG-large, leading to a slight decrease of the total
as holdup. At solid concentrations from 10 to ∼20 vol.%, how-
ver, only εG-small seems to be strongly affected, resulting in
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that there may be a relationship between the nature of the liquid
ig. 6. Effect of solid particles on εG-small and εG-large (symbols: plain, εG-small;
olid, εG-large).

significant decrease of the total gas holdup. Also, at solid
oncentration ≥20 vol.%, the population of small gas bubbles
eems to completely disappear and the total gas holdup equals
he εG-large These findings prove that the decrease of the total
as holdup for N2 with increasing solid loading can be mainly
ttributed to a decrease of εG-small Krishna et al. [1] observed
hat in the churn-turbulent flow regime, εG-large was indepen-
ent while εG-small significantly decreased with increasing solid
oncentration. In the case of He, εG-large seems to behave simi-
arly as that of N2 and the decrease of the total gas holdup in the
olid concentration range from 0 to 10 vol.% can be correlated
ith the decrease of εG-small At solid concentrations >10 vol.%,
owever, the relatively stronger decrease of total εG for He can
e attributed to its bubbles greater coalescence tendency due to
heir lower momentum when compared with that of N2 under
he same conditions. It appears that when εG-small disappears,
he large He bubbles do increase in size which is in agreement
ith the findings by de Swart et al. [49]. It seems also that in the
resence of high solid concentration, the diameter of gas bubbles

annot decrease below a certain value due to coalescence, which
as reported to be ≤0.01 m for 38.6 vol.% of silica in paraffin
il by de Swart et al. [49].
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.2. Effect of temperature on εG

Fig. 7 depicts the effect of temperature on the total holdups for
2 and He in the Isopar-M/Alumina slurry; and as can be seen

ncreasing temperature increases the holdup for both gases in
he experimental ranges investigated. The increase of gas holdup
ith temperature was more pronounced in the absence of solid,
here the εG values increased by an average of 15–20% and
5–25% for N2 and He, respectively. Fig. 7, however, shows that
he increase of εG with temperature in the presence of 10 vol.%
f Alumina particles decreases to an average of 9% for N2 and
emains almost unchanged for He. Fig. 8 illustrates the effect
f temperature on the gas holdup of small and large bubbles of
2 and He in Isopar-M. In the case of N2, when the tempera-

ure is increased, the εG-small continues to increase while εG-large
ends to level off to the point that εG-small becomes >εG-large. In
he case of He, however, as the temperature increases, εG-small
ncreases and εG-large first decreases and then levels off and in
eneral εG-large is >εG-small. Thus, it can be concluded that the
otal holdup of He is made of more large bubbles due to its lower
as momentum when compared with that of N2 under same
ressure and temperature. These findings can be related to the
ecrease of the surface tension and viscosity of the liquid-phase
ith increasing temperature. When the liquid surface tension

s decreased, the cohesive forces which tend to maintain gas
ubbles in a spherical shape are reduced and subsequently any
ncrease of the gas momentum leads to the rupture of large gas
ubbles into smaller ones, increasing the total gas holdup, εG [4].
lso, when the viscosity is decreased, the bubbles coalescence

s decreased resulting in the formation of large number of small
as bubbles [13]. The addition of solids, however, increases the
lurry viscosity and enhances bubbles coalescence as large bub-
les could be formed. Fig. 9 shows that at solid concentration of
5 vol.%, when the temperature is increased from 370 to 421 K
or N2 and from 361 to 432 K for He, the total gas holdups
f both gases decrease. As the pressure increases, however, the
ffect of temperature on gas holdup seems to diminish as the
ifference between the εG values obtained at these two tem-
eratures becomes smaller. This behavior of gas holdup with
emperature at high solid concentration (CV ≥ 15 vol.%) can be
xplained by the destruction of the froth formed in the reactor
t high solid loading. Therefore, the effect of solid particles on
as holdup is related to the increase of coalescence of gas bub-
les coupled with the destruction of froth, representing small gas
ubbles. Similar behavior was reported by Lemoine and Morsi
50] while operating a stirred-tank reactor in gas-inducing (GIR)
nd gas-sparging (GSR) modes using gases in toluene mixtures.
hese authors observed that below a certain temperature (380 K)

here was an enhancement of the frothing characteristic of their
ixtures with temperature; and above this value the froth started

o diminish and then completely disappeared above 410 K. This
ehavior of froth reported by Lemoine and Morsi [50] is in
ccordance with that observed in this study. It also indicates
ixture and its frothing behavior with increasing temperature.
he validation of such a relationship is beyond the scope of this
tudy.
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.3. Effect of the superficial gas velocity on εG

The effect of superficial gas velocity (UG) on the holdup of
2 and He in Isopar-M/Alumina system is shown in Fig. 10; and

s can be observed the total holdups for both gases increase with
he superficial gas velocity in the presence of Alumina powder.
n average increase of about 6–15% can be observed for the

as holdup with increasing UG, although the highest increase
s generally observed at the lowest system pressure (0.7 MPa).
his was expected since in the prevailing churn-turbulent flow

egime, the gas bubbles interaction is strong, and bubble breakup

a
b
t
h

Fig. 8. Effect of T on εG-small and εG-large of N2 and
G of N2 and He.

s promoted as reported by Wilkinson et al. [51]. Also, increasing
as momentum, i.e., superficial gas velocity and/or pressure (gas
ensity), is expected to rupture the large gas bubbles into smaller
nes, increasing the gas holdup corresponding to the small gas
ubbles (εG-small). If the gas bubbles were already dense and
mall, however, any further increase of the gas momentum might
ead to a slight or negligible effect on the bubble size distribution

nd subsequently the total gas holdup. This could explain the
ehavior of the total gas holdup with increasing pressure for the
wo gases used. The slight increase of the total gas holdup at the
ighest pressure used (∼2.7 MPa) indicates that the reactor is

He (symbols: plain, εG-small; solid, εG-large).
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Fig. 9. Effect of T on εG of N2 and He at high solid concentration.
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Fig. 10. Effect of UG on
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perating in the fully developed churn-turbulent flow regime. It
an therefore be concluded that in the presence of solid particles
nd in the churn-turbulent flow regime, an increase of UG has
light effect on the gas holdup. Similar findings were reported
y Elgozali et al. [52], who reported no evident effect of UG
n the total gas holdup in the churn-turbulent and transition
ow regimes. Therefore, it should be inferred that in the churn-

urbulent flow regime, there is no incentive to operate at very
igh superficial gas velocity since a short gas residence time
nd high power input along with slight increase of the total gas
oldup would not be economical for the commercialization of
BCRs.

.4. Effect of gas nature on εG

Reilly et al. [12] reported that in the churn-turbulent flow
egime, the gas holdup in the bubble column reactors can be
irectly correlated with the gas momentum (MG) to power 1/3.
hus, increasing gas momentum is expected to increase the gas
oldup. Fig. 11 shows that in the absence of solid particles and
nder the same operating conditions (i.e., pressure and temper-
ture), the total gas holdup for both gases increases with gas
ensity; and the values for N2 are always greater that those of
e because of the difference between the densities (or molecu-

ar weights) of both gases. Similar observations were made by
ordan and Schumpe [14], where the εG values of both N2 and
e in 1-butanol and toluene in the absence of solid particles,
ere in good agreement with each other when their gas densi-
ies were similar. They reported, however, that above a certain
as density the increase of gas holdup did not remain linear.
n this study, at solid concentration of 10 vol.%, it seems that
he increase of the superficial gas velocity leads to negligible

εG of N2 and He.
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erature by Daly et al. [31] who used both the photographic and
DGD methods to obtain the Sauter-mean bubble diameter for
FT-300 and Sasol wax in two columns of 0.05 and 0.21 m i.d.
at 538 K and atmospheric pressure. They reported that although
Fig. 11. Effect of gas nature on εG (symbols: plain, He; solid, N2).

hanges in the gas holdup values which are more obvious for
e than N2. Fig. 11 also indicates that increasing the particle

oadings from 5 to 15 vol.%, results in a non-linear behavior of
he holdup values for the two gases on the log–log plot, where

sharp initial increase of εG at low gas density is observed.
ue to higher slurry viscosity at 15 vol.%, there is a greater
robability for large gas bubbles to form at low system pres-
ure or high temperature. As pressure increases or temperature
ecreases, the gas density increases and smaller bubbles are

ormed, but above a certain condition, the effect of coalescence
ue to increased slurry viscosity counterbalances the formation
f small gas bubbles and subsequently the gas holdup tends to
evel off. F
ing Journal 128 (2007) 69–84 79

. Gas bubble size distribution and d32

The values of the Sauter-mean bubble diameter (d32) calcu-
ated using the photographic method and DGD methods were
ased on average number distribution (Eq. (6)) and average vol-
me distribution, respectively. It is well known that the large gas
ubbles rise in a plug-flow manner in the center of the column
nd small gas bubbles are entrained within liquid recirculation
nd backmixing. It is, therefore, important to emphasize the lim-
tations of the photographic method in evaluating the bubble
ize distribution and the Sauter-mean bubble diameter in bubble
olumns and slurry bubble column reactors. The use and reli-
bility of this method in a 3-D bubble column depend, among
thers, on the depth of the visible field covered by the cam-
ra and the solid concentration. Fig. 12 shows values of d32
or N2 and He in Isopar-M obtained with the photographic and
GD methods in the absence of solid particles; and as can be
bserved in general, the d32 values obtained with both meth-
ds are in a fairly good agreement with an average difference
f <14%. The reason for such a difference can be attributed to
he visual limitations of the camera and the presence of froth
hich is under-emphasized in the photographic method than in

he DGD. Such a behavior has already been reported in the lit-
ig. 12. Comparison between photographic method and the DGD technique.
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he d32 values obtained using the two techniques were in a good
greement, in the presence of froth, however, d32 values obtained
hotographically became systematically lower than those mea-
ured with the DGD technique [31]. Thus, it can be concluded
hat the DGD technique is an adequate method in the estima-
ion of the bubble size distribution even in the presence of froth
nd it validates the correlation employed in the estimation of the
ubble rise velocity by Fukuma et al. [53]. It should be empha-
ized that due to its limitations, the photographic method should

ot be used as the sole tool for measuring the gas holdup, bub-
le size, and bubble size distribution, particularly in large-scale
eactors with foaming systems and should not be employed in
he presence of solids, i.e. SBCRs.

ig. 13. Effect of P, T, and CV on bubble size distribution of N2/Isopar-
/Alumina.
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.1. Effect of P, T, and CV on the bubble size distribution
nd d32

Using the DGD method, the gas holdup expressed in terms of
he volume fractions of small and large gas bubbles is presented
s a function of gas bubble diameter, pressure, temperature, and
olid concentration in Figs. 13 and 14 for N2 and He in Isopar-

/Alumina slurry, respectively. As can be seen in these figures,
olume fraction of small gas bubbles, while increasing solid
oncentration decreased their volume fraction. Also, using the
hotographic method, Fig. 15 shows that the population of the

ig. 14. Effect of P, T, and CV on bubble size distribution of He/Isopar-
/Alumina.
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mall gas bubbles for N2 and He in Isopar-M increases with
ressure and temperature and decreases with solid concentration
hich is in accordance with the results obtained with the DGD

echnique.
Fig. 16 depicts the effect of pressure and the solid concen-

ration on the d32 of N2 and He in Isopar-M/Alumina system
btained using the DGD technique; and as can be observed at
ny given solid concentration, increasing pressure decreases the
32 of both gases. This indicates that increasing pressure shifts
he bubble size distribution towards small gas bubbles which
esults in an increase of εG-small and subsequently the total gas
oldup as mentioned in Section 3.1.

The analysis of the d32 of N2 indicates that increasing pres-
ure from 0.75 MPa to around 1.5 MPa at 5 vol.% solid concen-
ration results in a decrease of d32 value by more than 40%,
ccounting for more than 67% of the total decrease of d32 over
he entire range of the pressure. This behavior can partly be
elated to the fact that at high pressure, the maximum stable
ubble size becomes relatively small [19]. Wilkinson and van
ierendonck [48] used the Kelvin–Helmholtz stability analysis

o show that in the churn-turbulent flow regime, high gas density
i.e., high pressure) reduces the stability of large gas bubbles due

o the decrease of the maximum stable wave length of these large
as bubbles and the increase of the growth rate of the wave-like
isturbances on their surfaces [48]. At high solid concentrations

a
a
a

Fig. 15. Effect of P and T on bub
ing Journal 128 (2007) 69–84 81

CV > 10 vol.%), however, the effect of gas density (pressure) on
32 is hindered. These findings are important in the scale-up of
he SBCRs, since both high pressure and high solid concentra-
ion are used in order to increase the productivity of the reactor
2] because high pressure insures high gas solubility and high
olid loading increases the reactants conversion. In this study, it
hould be mentioned that the effect of increasing solid concentra-
ion on d32 appeared to be more important than that of increasing
ressure. For instance, in the case of N2 at the maximum pressure
tudied (∼2.7 MPa), increasing Alumina powder concentration
rom 5 to 15 vol.% in Isopar-M, increases d32 by a factor >3.5
hich means that the coalescence of gas bubbles is increased by

ncreasing solid concentration. Fig. 16 also shows the effect of
emperature on the d32 for N2 and He in Isopar-M/Alumina sys-
em; and as expected increasing temperature leads to a decrease
f d32 for both gases which is in agreement with literature find-
ngs [32]. Fig. 17 illustrates that the effect of temperature on d32
ecomes more important as the solid concentration is increased.
or instance, increasing solid concentration from 0 to about
vol.%, d32 for both gases decreases with temperature; how-
ver, increasing solid concentration from 5 to 10 vol.%, the d32
or both gases seems to increase with temperature. This can be

ttributed to the decrease of the froth stability of the Isopar-M
t high temperature and solid concentration. Increasing temper-
ture decreases the liquid surface tension and viscosity leading

ble size distribution photo.
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Fig. 16. Effect of P, CV and T on

Fig. 17. Effect of temperature on the foaming of the slurry in the SBCR.
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d32 obtained using DGD.

o the formation of small gas bubbles, whereas increasing solid
oncentration increases the slurry viscosity and bubble coales-
ence (i.e., bubble size) and decreases the froth stability leading
o the formation of large gas bubbles. Thus, the resultant effect
f increasing temperature and solid concentration should be
ccounted for in the design and scale-up of SBCRs. Fig. 18
hows two snapshots of the bed height of the swarms with a

olid loading of 10 and 15 vol.% for N2/Isopar-M/Alumina sys-
em at 2.76 MPa and 453 K; and as can be observed a froth as
cluster of cellular structure gas bubbles is formed at the top

Fig. 18. Foaming/froth characteristics of the SBCR.
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Fig. 19. Effect of gas nature on d32 obtained using the DGD technique.

f the bed, especially with a solid loading of 10 vol.%. As the
olid concentration increases to 15 vol.%, however, the froth at
he top of the bed decreases significantly, leading to a decrease
f the total gas holdup. It should be mentioned that Lemoine and
orsi [50] previously observed an increase of the Sauter-mean

ubble diameter with temperature for gases in impure toluene
foaming system) above a certain temperature (380 K) using a
as-sparging stirred reactor. They attributed this increase to the
nstability and destruction of the froth formed at the top of their
iquid mixture.

.2. Effect of gas nature on d32

Fig. 19 shows the effect of gas nature on d32 of N2 and He
n Isopar-M/Alumina slurry using the DGD method; whereas in
he absence of solid particles, the comparison was made using
he photographic method. As can be seen in the absence and
resence of solid particles, d32 values of He are always greater
han those of N2 under similar operating conditions. The differ-
nce between the d32 of the two gases seems to be always in
he range of about 30% under the solid concentrations studied.

his behavior can be attributed to the fact that the density of He

s lower than that of N2 under the same operating conditions,
nd accordingly He is expected to form larger gas bubbles when
ompared with those of N2.

[

ing Journal 128 (2007) 69–84 83

. Conclusions

The gas holdup, bubble size distribution and the Sauter-mean
ubble diameter were measured for N2 and He in Isopar-M
sing a large-scale slurry bubble column operating in the churn-
urbulent flow regime under a wide range of pressure, tempera-
ure, and solid concentration. The total gas holdup was found
o increase with increasing gas density as the values for N2
ere always greater than those for He under the same operating

onditions. Increasing pressure reduced the size of gas bubbles
nd subsequently increased the holdup of small gas bubbles.
ncreasing temperature led to the decrease of surface tension,
iquid viscosity and froth stability, which resulted in increas-
ng the holdup of small gas bubbles and subsequently the total
as holdup. Increasing the superficial gas velocity appeared to
lightly promote gas bubble break-up, leading to the increase
f holdup of small gas bubbles. Increasing the solid concentra-
ion, on the other hand, increased the viscosity of slurry and the
oalescence tendency of gas bubbles, and decreased the froth
tability, resulting in increasing the holdup of large gas bubbles.
lso, due to its inherent limitations, the photographic method

hould not be used as the sole tool for evaluating the bubble size
istribution and the Sauter-mean bubble diameter in large-scale
ubble columns and should not be employed for measurements
n slurry bubble column reactors.
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