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This article reports on the influence of elevated pressure and catalyst particle lyo-
phobicity at particle concentrations up to 3 vol % on the hydrodynamics and the gas-
to-liquid mass transfer in a slurry bubble column. The study was done with demineral-
ized water (aqueous phase) and Isopar-M oil (organic phase) slurries in a 0.15 m in-
ternal diameter bubble column operated at pressures ranging from 0.1 to 1.3 MPa.
The overall gas hold-up, the flow regime transition point, the average large bubble di-
ameter, and the centerline liquid velocity were measured along with the gas–liquid
mass transfer coefficient. The gas hold-up and the flow regime transition point are not
influenced by the presence of lyophilic particles. Lyophobic particles shift the regime
transition to a higher gas velocity and cause foam formation. Increasing operating
pressure significantly increases the gas hold-up and the regime transition velocity,
irrespective of the particle lyophobicity. The gas–liquid mass transfer coefficient is
proportional to the gas hold-up for all investigated slurries and is not affected by the
particle lyophobicity, the particle concentration, and the operating pressure. A correla-
tion is presented to estimate the gas–liquid mass transfer coefficient as a function of

the measured gas hold-up: klal=eg ¼ 3:0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dub=d
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Introduction

Slurry bubble column (SBC) reactors are widely used in
the chemical industry as efficient gas–liquid–solid contactors,
for example, for aerobic fermentation, hydrogenation, oxida-
tion reactions, and gas–liquid Fischer-Tropsch synthesis.
Advantages of an SBC reactor over other reactors are its
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Table 1. Overview of Literature Studies on Bubble Columns and Slurry Bubble Columns at Elevated Pressure

Authors System Operating Conditions Techniques

Bubble columns

Behkish et al.3 H2, CO, N2, CH4-Isopar M and
hexane mixtures Dc ¼ 0.316 m,
H ¼ 2.8 m spider sparger

P ¼ 0.17–0.8 Mpa Gas absorption in a closed
circulating systemT ¼ 293 K

ug ¼ 0.08–0.20 m s�1

Dewes and Schumpe4 Air-H2O, 0.8 M sodium sulphate,
xanthum gum solutions-kiesel-
guhr, alumina Dc ¼ 0.115 m,
H ¼ 1.37 m perforated plate
(7 holes of 1 mm)

P ¼ 0.1–0.8 MPa Pressure method
T ¼ 298 K
ug ¼ 0.03–0.08 m s�1

Idogawa et al.5 H2, He, air/H2O, CH3OH, C2H5OH,
acetone, aqueous alcohol
solutions

P ¼ 0.1–5 MPa –
T ¼ 293 K
ug ¼ 0.0005–0.05 m s�1

Jiang et al.6 N2-paratherm NF, Dc ¼ 0.0508 m
ring sparger

P ¼ 0.1–12.2 MPa Gas absorption
T ¼ 298 K
ug ¼ 0.025–0.075 m s�1

Jordan et al.7 O2-water, ethanol, 1-butanol,
toluene, Dc ¼ 0.11 m, H ¼ 1.37
m, several perforated plates

P ¼ 0.1–1.0 MPa Oxygen absorption
T ¼ 293 K
ug ¼ 0.15 m s�1

Kojima et al.8 N2/O2-water N2/O2 solution of
enzyme, Dc ¼ 0.045 m, single
nozzle with different diameters

P ¼ 0.1–1.1 MPa Height measurement method,
oxygen absorptionT ¼ 290–300 K

ug ¼ 0.0005–0.15 m s�1

Lau et al.9 Air-paratherm NF, Dc ¼ 0.1016 m
perforated plate (120 holes
of 1.5 mm)

P ¼ 0.1–4.24 MPa Oxygen absorption
T ¼ 298, 365 K
ug ¼ 0.019–0.39 m s�1

ul ¼ 0.008–0.0032 m s�1

Lemoine et al.10 N2, air-toluene, toluene þ benzoic
acid þ benzaldehyde, H2O

P ¼ 0.182–0.82 MPa
T ¼ 298 K

Gas absorption, Dynamic
gas disengaging,
manometeric methodDc ¼ 0.316 m, H ¼ 2.8 m spider

sparger
ug ¼ 0.056–0.15 m s�1

Letzel et al.11 N2-water, Dc ¼ 0.15 m, H ¼ 1.3 m,
perforated plate (200 holes
of 0.5 mm)

P ¼ 0.1–1.3 MPa Overflow method, Pressure
step methodT ¼ 293 K

ug ¼ 0.01–0.30 m s�1

Oyevaar et al.12 CO2/N2-water, CO2/N2-DEA, Dc ¼
0.085 m, H ¼ 0.63 m, perforated
plate (16 holes of 0.5 mm)

P ¼ 0.1–1.85 Mpa Chemical absorption height
difference methodT ¼ 293 K

ug ¼ 0.01–0.09 m s�1

Oyevaar et al.13 CO2/N2-water, CO2/N2-DEA, Dc ¼
0.085 m, H ¼ 0.81 m, perforated
plate (21 holes of 0.4 mm),
sintered porous plate

P ¼ 0.15–8 MPa Chemical absorption height
difference methodT ¼ 293 K

ug ¼ 0.01–0.10 m s�1

Pohorecki et al.14 N2/water, Dc ¼ 0.304 m, H ¼ 4 m,
spargers with geometries

P ¼ 0.1–1.1 MPa Photography
T ¼ 303–433 K
ug ¼ 0.013–0.035 m s�1

Reilly et al.15 Air, N2, He, Ar, CO2/Isopar G,
Isopar M, Dc ¼ 0.15 m,
H ¼ 2.7 m

P ¼ 0.1–1.1 MPa Pressure method
T ¼ 293 K
ug ¼ 0.006–0.23 m s�1

Stegeman et al.16 N2/CO2-DEA, ETG, water, Dc ¼
0.156 m, H ¼ 0.64 m, perforated
plate (284 holes of 0.4 mm)

P ¼ 0.1–6.6 MPa Chemical absorption
T ¼ 293 K
ug ¼ 0.01–0.05 m s�1

Tarmy et al.17 N2-nHeptane, Dc ¼ 0.61 m single
orifice nozzle

P ¼ 0.12–0.62 MPa Gas absorption
T ¼ 298 K
ug upto 0.12 m s�1

Urseanu et al.18 N2/tellus oil, glucose solution,
Dc¼ 0.15, 0.23m,H¼ 1.22m,
perforated plate (19 holes of 10mm)

P ¼ 0.1–1 MPa Overflow method
T ¼ 293 K
ug ¼ 0.001–0.30 m s�1

Vafopulos et al.19 N2/O2-water, Dc ¼ 0.4 m, H ¼
1.46 m, porous plate (90 mm)
capillary tube of 3 mm

P ¼ 0.1–2.5 MPa Physical absorption, liquid
concentration photographyT ¼ 293 K

ug ¼ 0.0067–0.026 m s�1

Wilkinson et al.20 Air-sodium sulphite, Dc ¼ 0.158 m,
H ¼ 1.4 m, perforated plate
(19 holes of 10 mm)

P ¼ 0.1–2 MPa Photography, uncatalyzed
oxidation of sodium
sulfite

T ¼ 293 K
ug ¼ 0.01–0.15 m s�1

Yang and Fan21 H2/CO, N2-liquid paraffin-silica gel
powder, Dc ¼ 0.037 m

P ¼ 1–5 MPa Gas absorption
T ¼ 293–523 K
ug \ 0.02 m s�1

es ¼ 5–20 vol %
Slurry bubble columns

Bethkish et al.22 N2, He-Isopar M-alumina,
Dc ¼ 0.316 m, H ¼ 2.8 m,
spider sparger

P ¼ 0.7–3.0 MPa Gas absorption, manometric
methodT ¼ 300–453 K

ug ¼ 0.07–0.39 m s�1

es ¼ 0–20 vol %
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relatively simple construction, low investment and operating
costs, and excellent heat and mass transfer characteristics.

The design of an industrial SBC reactor requires a
thorough understanding of its hydrodynamics and mass
transfer characteristics which are influenced by the physical
properties of the gas, the liquid, and the solid phases, the
operating parameters (pressure, temperature), and the design
parameters (column diameter, distributor, internals). The gas
hold-up is the most important hydrodynamic parameter
governing the SBC reactor design.1,2 All other design
parameters, such as the mass transfer coefficient and the
axial dispersion coefficient, can be correlated to the gas
hold-up.

Industrial SBCs are usually operated at elevated pressure
and temperature to get a high productivity. At elevated oper-
ating pressure, due to the increased gas density, the hydrody-
namics and the gas-to-liquid mass transfer differ from that at
atmospheric pressure. It is, therefore, important to investigate
the influence of elevated pressure on the hydrodynamics and
the mass transfer in slurry bubble columns. The presence of
catalyst particles also influences the hydrodynamics, mainly
by increasing the viscosity of the slurry at higher slurry con-
centrations and also due to the different wetting properties
(i.e., lyophobicity/lyophilicity) of the particles with the liq-
uid. Lyophobic particles having bad wetting characteristics
when compared with lyophilic particles will tend to be
present at the gas–liquid interface and would influence the
bubble coalescence behavior leading to changed hydrody-
namics. In industrial columns with actual reaction systems,
there are reactants, (by-)products, and sometimes also a
solvent present which adds to the changed hydrodynamics of
the SBC. The presence of an electrolyte in a slurry with cat-
alyst particles at elevated pressure could also significantly
influence the hydrodynamics and the rate of gas-to-liquid
mass transfer.

In this article, the influence of the operating pressure, the
surface lyophobicity of the particles, and the influence of
electrolytes on the hydrodynamics and the mass transfer in a
laboratory scale SBC is presented. The influences were stud-
ied both in the homogeneous flow regime and in the churn-
turbulent flow regime. The hydrodynamic parameters pre-
sented are the overall gas hold-up, the flow regime transi-
tion, the average large bubble size, and the centerline liquid
velocity. Also the gas–liquid mass transfer coefficient is
given.

Literature Survey

Several investigations studying the effect of pressure on

hydrodynamics and mass transfer in (slurry) bubble columns

have been reported in the literature, Table 1. The overview

shows that most of the early research focused on the effect of

pressure in the homogeneous flow regime.4,6,8,9,12–14,16,19,21,23

Vafopulos et al.19 were amongst the first to carry out experi-

ments at higher pressure, but ended up showing that there was

no effect of pressure on the gas hold-up, mass transfer

coefficient, nor on the interfacial area at lower superficial gas

velocities (ug\ 0.026 m s�1). However, more recent research

(Table 1) showed that the gas hold-up, the mass transfer

coefficient, and the gas–liquid interfacial area increase

considerably with increasing pressure.
Oyevaar et al.12 showed that the increase in the gas hold-

up is larger for organic liquids than for demineralized water.

Kojima et al.8 showed that the interfacial area increases with

increasing pressure and that this effect is larger with decreas-

ing diameter of the holes in the gas distributor. These studies

were only limited to the homogeneous flow regime.
Recent studies mainly were focused on the churn-turbulent

flow regime with superficial gas velocities closer to the

operating conditions of a Fischer-Tropsch reactor used for

converting synthesis gas into liquid fuels.7,11,15,18,20,22,24,25

Letzel et al.11 showed that with an increase in operating
pressure, the flow regime transition occurs at a higher transi-
tion gas hold-up which results from a decrease in the rise
velocity of the large gas bubbles in the churn-turbulent flow
regime. Some researchers studied slurries at elevated pressure
in comparison with the pure liquids. Luo et al.25 and Behkish
et al.22 used alumina particles in organic liquids, whereas Inga
and Morsi24 used iron oxide particles in organic liquids. The
particle wettability and the slurry concentration have a large
influence on SBC behavior at atmospheric pressure, but the
behavior of slurry particles under the influence of higher pres-
sure is still unknown. Tinge et al.26 reported the influence of
the addition of small activated carbon particles on the gas
hold-up for various pressures in a down flow jet loop reactor.
At low pressure, the presence of a low content of activated
carbon particles increases the gas hold-up, whereas a higher
solid content reduces the gas hold-up sharply. The positive
influence of carbon fines on the gas hold-up diminishes at
higher gas pressure. The degree of lyophobicity of the par-
ticles influences the hydrodynamics as shown by Ruthiya

Table 1. (Continued)

Authors System Operating Conditions Techniques

Deckwer et al.23 N2-wax-alumina, Dc ¼ 0.1 m,
H ¼ 2.3 m, sintered plate

P ¼ 0.4 MPa Gas absorption, pressure
methodT ¼ 523 K

ug ¼ 0.0044–0.034 m s�1

es ¼ 0–1.21 vol %
Inga and Morsi24 H2, CO, CH4, N2-hexanes-iron

oxides, Dc ¼ 0.316 m, H ¼ 2.8
m, spider sparger

P ¼ 0.126–0.787 MPa Gas absorption, manometric
methodT ¼ 298 K

ug ¼ 0.06–0.35 m s�1

es ¼ 0–21.76 vol %
Luo et al.25 N2-Paratherm NF-Alumina, Dc ¼

0.102 m, H ¼ 2.8 m, perforated
plate

P ¼ 0.1–2.86 MPa Gas absorption, pressure
methodT ¼ 298 K

ug ¼ 0.04–0.334 m s�1

es ¼ 0–19.1 vol %
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et al.27 This effect can be different for aqueous and organic
liquids as the particles have different lyophobicities in these
liquids based on the liquids’ varying surface tension.

Experimental Setup

The experimental setup is schematically depicted in
Figure 1; Letzel and Stankiewicz28 for more details. The
internal diameter of the SBC is 0.15 m, it is 1.4 m high and
has a 0.10 m diameter perforated plate gas distributor placed
in the center of the column at 0.085 m from its bottom
(Figure 1). Demineralized water and organic oil (Isopar M,
ExxonMobil) were used as the liquid phase. The properties
of the gases, liquids, and solids are given in Table 2.

In demineralized water, the activated carbon particles are
lyophobic and the silica particles are lyophilic, whereas in
Isopar M, these particles are equally lyophilic,29 as deter-
mined from the heat of immersion of the particles (DH) in
the respective liquids, shown in Table 2. Slurry concentra-
tions ranged from 0 to 3 vol %. Sodium gluconate was used
as the electrolyte in the experiments to reduce the surface
tension in the demineralized water system. All experiments
were carried out at ambient temperature (19–23�C) and
operating pressures from 0.1 to 1.3 MPa. All the gas flow
rates mentioned in this article are volumetric flows unless
otherwise mentioned.

Air was added to the main nitrogen stream to introduce a
step change in the oxygen concentration of the inlet gas
from 0 to 5 vol % for all mass transfer experiments. The
slurry was sampled at 0.3 m from the bottom of the column,
passed through an oxygen sensor (Orbisphere, 3600), and
then recycled to the bottom of the SBC. For the mass
transfer measurements, it was assumed that there is no radial

variation and the measured mass transfer is the average
value over the cross section of the SBC. The oxygen sensor
response time was determined for all slurries and operating
pressures, and varied between 0.05 and 0.07 s�1.

Five differential pressure sensors (Druck: LPM 9381)
were used to measure the gas hold-up in the column. The
sensors were connected at heights of 0.1, 0.4, 0.7, 0.9, and
1.1 m from the bottom of the column using 1 mm inner
diameter metal capillaries. Thorat et al.30 showed that the
axial gas hold-up increases from the sparger upto a H/D
ratio of two, and beyond this H/D ratio, the gas hold-up is
relatively constant for higher H/D ratios of the gas–liquid
dispersion. The gas hold-up is hence assumed to be approxi-
mately constant above 0.4 m (i.e., above a H/D ratio of 2.5)
and is considered as representative for the gas hold-up in
SBCs. This gas hold-up is, therefore, reported as the overall
gas hold-up in this article. The gas hold-up between sensor
positions 0.1 and 0.4 m is at most 5% lower in the homoge-
neous flow regime and 15% lower in the churn-turbulent
flow regime when compared with the overall gas hold-up.
Hence, the overall gas hold-up is overestimated by 2 and 6%
in the homogeneous flow regime and churn-turbulent flow
regime, respectively.

Five differential pressure sensors (Kulite pressure trans-
ducers; range: 1.7 bar differential; accuracy: 0.25 % of full
scale) were used to measure the fast pressure fluctuations in
the column for the estimation of the regime transition point
and the average large bubble diameter by spectral analysis
of the dynamic pressure fluctuations.27,31 These fast pressure
fluctuations were measured at a sampling frequency of
100 Hz and were filtered at a frequency of 50 Hz.

The upward liquid velocity was measured using a Pitot
tube placed in the center of the column. The Pitot tube was
pointing downwards in the center of the column and the

Figure 1. Schematic description of the high pressure
slurry bubble column setup and the gas dis-
tributor design.

Table 2. Physical Properties of Used Gases, Liquids,
and Solids

Gas N2 Air

MA, kg k mol�1 28.013 28.85
Tc, K 126.2 133.3
Pc, MPa 3.39 3.9
tA, m

3 k mol�1 � 1000 31.76 20.1

Liquid
Demineralized

water Isopar M

MB, kg k mol�1 18 192
qL (298 K), kg m�3 998 783
lL (298 K), mPa s 1.1 2.7
rL (298 K), N m�1 0.072 0.027
DO2

(298 K), m2 s�1 2.2 � 10�9 1.4 � 10�9

Solid particles Carbon Silica

Supplier code 43242,
Norit NV

G-5268,
Promeks

qs, kg m�3 1300 2130
dp, lm 30 44
SBET, m

2 g�1 850 485
Pore width (nm) 9.2 8.6
Vs,p, ml g�1 1.60 1.63
ep, dimensionless 0.65 0.85
DHaqueous, mJ m�2 �54 �201
DHorganic, mJ m�2 �126 �103
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reference tube was placed just 3 mm below the measurement
point. The Pitot tube measured the pressure drop generated
by the impact pressure of the upward flowing liquid in the
center of the column. The assumption used in these measure-
ments is that the horizontal component of the liquid velocity
is negligible when compared with the vertical component.
Thus only the vertical velocity is considered here. If this
assumption is not correct, then the measured pressure drop
needs to be corrected for the horizontal liquid velocity com-
ponent by also measuring the pressure drop with the Pitot
tube pointing in upward direction, which was, however, not
possible in the present setup configuration.

The measured pressure difference is recorded by the dif-
ferential pressure transducer placed outside the high pressure
vessel. The interstitial liquid velocity is obtained as:

Vl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2DP

ql 1� eg
� �

s
(1)

where Vl the interstitial centerline liquid velocity, DP the
pressure drop measured by the differential pressure transducer,
ql the density of the slurry, eg the gas hold-up at that
superficial gas velocity. The gas hold-up eg used in calculating
Vl is the average gas hold-up and not the local, radial gas hold-
up as we were unable to measure this local gas hold-up. The
average gas hold-up is lower than the local gas hold-up in the
centre of the SBC, yielding, therefore, an interstitial centerline
liquid velocity which is estimated to be approximately 20%
lower than its ‘‘true’’ value, using the radial voidage profile as
determined by Rice and Geary (1990).32

The radial profile is given by: eg;r=eg ¼
ðmþ 2Þ=m � ð1� ðr=RÞmÞ So for r ¼ 0, eg ¼ 1þ 2=m. Rice
and Geary32 state that m should lie between five (heterogene-
ous) and eight (homogeneous). For m ¼ 5, eg is 40% higher,
for m ¼ 8, 25%. If the gas hold-up is at maximum 0.5, then
the centerline liquid velocity is underestimated by a factor

ðð1� 0:5Þ=ð1� 0:7ÞÞ0:5 ¼ 1:3, for m ¼ 8 a factor
ðð1� 0:5Þ=ð1� 0:625ÞÞ0:5 ¼ 1:15. All lower holdups will
have a lower correction factor. The average between the cor-
rection factors is 22%, hence a conservative correction factor
of 20% is used in this article.

Results and Discussion

Regime transition velocity

The regime transition velocity was determined using the
coherent standard deviation of the measured pressure time
series as explained by Ruthiya et al.27 In this technique, the
coherent standard deviation obtained from a spectral analysis
of the dynamic pressure fluctuations in the SBC is calculated
and plotted for all the superficial gas velocities. The coherent
standard deviation is very close to zero for superficial gas
velocities in the homogeneous flow regime. As the superfi-
cial gas velocity increases, the transition from the homoge-
neous to the heterogeneous flow regime is indicated by a
sharp rise in the coherent standard deviation, corresponding
to the formation of large bubbles. The velocity at which the
coherent standard deviation increases sharply is designated
as the regime transition velocity. This technique was devel-
oped in bubble columns operated at atmospheric pressure,27

and in this article, it is applied for SBCs operating at ele-
vated pressure. The coherent standard deviation measured in
the demineralized water (nonslurry) system at elevated pres-
sure is shown in Figure 2. At 0.1 MPa, for ug ¼ 0.25 m s�1,
there is a steep increase of the coherent standard deviation,
hence this is the regime transition velocity for 0.1 MPa.
Similarly, for higher pressures of 0.3, 0.5, 0.7, 1.0, and 1.5
MPa, the regime transition velocities are identified as
denoted in Figure 2. It is seen that with increasing operating
pressure the regime transition velocity increases, thus indi-
cating that the operating pressure stabilizes the homogeneous
flow regime and delays the transition to the churn-turbulent
flow regime.

Figure 2. Coherent standard deviation of the pressure
fluctuations measured in the slurry bubble
column in Figure 1 at elevated pressures to
determine the flow regime transition velocity
as described by Ruthiya et al.29

N2-demineralized water system was used for experiments at
operating pressures of 0.1, 0.3, 0.5, 0.7, 1.0 and 1.5 MPa.

Figure 3. Comparison of the flow regime transition
velocity of our data and the data published
by Letzel et al.11 at elevated pressure for a
demineralized water system.

The solid black line shows that utransa
ffiffiffiffiffiqgp
.
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In Figure 3, the flow regime transition velocity is plotted
against the gas density. The regime transition velocity does
not increase linearly with the operating pressure. Letzel
et al.11 used the Kolmogoroff entropy obtained from chaos
analysis of pressure time series, to determine the regime
transition velocity. Based on the Kolmogoroff entropy, they
defined two transition points marking the beginning and the
end of the transition region, respectively. At the first transi-
tion point, bubbles larger than 4 mm are formed and at the
second transition point large bubbles rising with a higher
rise velocity are formed in the bubble column. Both these
transition points measured by Letzel et al.11 are compared
with the single regime transition point obtained by our mea-
surement technique in Figure 3. At the transition point meas-
ured by our technique, bubbles larger than 6 mm are
observed in the bubble column, in agreement with Ruthiya
et al.27 This transition point is close to the value of the sec-
ond transition point defined by Letzel et al.11 At lower gas
densities, our regime transition point is lower than the
regime transition points determined by Letzel et al.11 How-
ever, at high gas densities, our regime transition points com-
pletely overlap the second transition point determined by
Letzel et al.11 The results shown in Figures 2 and 3 suggest
that this measurement technique based on the coherent stand-
ard deviation of pressure fluctuations is a useful technique to
determine the flow regime transition point at elevated
pressure. It is strongly correlated to the existence of large
bubbles from a physical point of view.

Gas hold-up

The gas hold-up for the demineralized water system is
shown in Figure 4 at operating pressures of 0.1, 0.3, 0.8, and
1.3 MPa. The gas hold-up data in the homogeneous flow re-
gime resemble the data from Letzel et al.,33 which were
obtained in the same experimental setup. However, in the
churn-turbulent flow regime the gas hold-up is at most 20%
lower than the data of Letzel et al.33 as they measured the

volume of the liquid overflow to estimate the gas hold-up,
which overestimates the gas hold-up due to the increased
overflow by the sloshing motion of the liquid, especially in
the churn-turbulent flow regime. The data presented in this
article is based on the measurement of the pressure drop in
the column and is thus unbiased towards the effect of
sloshing.

In Figure 5, the gas hold-up for the carbon-demineralized
water slurries is shown as a function of the superficial gas
velocity for pressures of 0.1 and 0.3 MPa. At higher pres-
sures, severe foaming made stable operation of the column
impossible beyond 0.1 m s�1 superficial gas velocity. At 0.1
MPa, the gas hold-up in the homogeneous flow regime for
the carbon particle concentration of 0.7 vol % is almost
equal to the demineralized water gas hold-up. There is a sig-
nificant increase in the gas hold-up in the churn-turbulent
flow regime due to the influence of the activated carbon par-
ticles. Kluytmans et al.34 observed the same increase in a
two-dimensional SBC. Ruthiya et al.35 observed an increase
in the gas hold-up from 0 to 0.14 vol % carbon particle con-
centration; above 0.14 vol % the gas hold-up decreased. The
increase in the gas hold-up can be a result of inhibition of
gas bubble coalescence: lyophobic particles adhere to the
gas–liquid interface and prevent the formation and draining
of the thin liquid film formed between the colliding small
bubbles. Therefore, the number of small bubbles is higher in
the churn-turbulent flow regime and the gas hold-up corre-
spondingly increases. The transition from the homogeneous
flow regime to the churn-turbulent flow regime is also
delayed by coalescence inhibition, which is especially dis-
cernable at a pressure of 0.3 MPa. For the carbon particle
concentration of 0.7 vol %, the coalescence is completely
inhibited and only the homogeneous flow regime could be
obtained. Foaming was observed at high gas velocities, at
times accompanied by slugging behavior. This foaming phe-
nomenon is a characteristic feature of slurry bubble columns
with lyophobic particles operated at elevated pressure.

Figure 6 compares the gas hold-up of the 0.7 vol % silica-
demineralized water slurry for pressures of 0.1, 0.3, 0.8, and

Figure 4. The gas hold-up for pressures from 0.1 to 1.3
MPa for demineralized water.

The solid lines are the gas hold-up data presented by Letzel
et al.33 using the overflow method. The solid markers are
data points measured by the pressure drop method in this
work. The regime transition velocities27 are indicated by
vertical lines.

Figure 5. Influence of activated carbon particles on the
gas hold-up for different superficial gas
velocities at pressures of 0.1 and 0.3 MPa.
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1.3 MPa. The lyophilic silica particles do not adhere to the
gas–liquid interface and foaming is not observed. At pres-
sures of 0.1 and 1.3 MPa, the gas hold-up is slightly lower
than for demineralized water; no significant influence is
observed at pressures of 0.3 and 0.8 MPa.

In Figure 7a, the gas hold-up is shown for the electrolyte-
demineralized water system at elevated pressure. Sodium
gluconate is the electrolyte used in the experiments, as men-
tioned earlier. The sodium gluconate dissociates in water and
an electrical double layer forms at the gas–liquid interface.
The accumulation of dissociated ions at the interface creates
surface tension gradients over the gas–liquid interfacial area
decreasing the total surface tension of the electrolyte
solution. This decrease in surface tension with addition of
sodium gluconate was also observed by Kluytmans et al.34

The concentration of 0.05 M electrolyte only decreases
the surface tension from 72 mN m�1 to 68 mN m�1. This
negligible change in surface tension gives similar gas hold-
up profiles as for pure demineralized water. With 0.1 M
electrolyte concentration, the surface tension of the liquid
phase decreases to 61 mN m�1, leading to a considerable
increase in the gas hold-up already in the homogeneous flow
regime. The rate of increase of the gas hold-up is higher,
which also supports the fact that the electrolyte directly
reduces the coalescence of the small bubbles. The rate of
increase of the gas hold-up in the homogeneous flow regime
increases with operating pressure. Beyond the regime transi-
tion point, it was difficult to operate the column in a stable
mode. At these higher gas velocities, the column was over-
flowing due to severe foaming in the liquid. In Figure 7b,
the gas hold-up profiles for the influence of the carbon slur-
ries in electrolyte solutions are shown. In this type of sys-
tems, the combination of electrolyte and activated carbon
particles increases the gas hold-up in the homogeneous flow
regime. Therefore, there is a steep increase in the gas hold-
up for all higher operating pressures. Here again it was diffi-
cult to operate the column in a stable hydrodynamic regime
after the transition point or even at superficial gas velocities
higher than 0.05 m s�1.

In Figure 8, the gas hold-up is shown as a function of the
gas velocity for carbon-Isopar M slurries and silica-Isopar M
slurries for particle concentrations of 0.7 and 2.8 vol %. The
negligible influence of lyophilic particles on the gas hold-up
is confirmed. Reilly et al.15 already found that in the churn-
turbulent flow regime, the gas hold-up of Isopar M is higher
than that of demineralized water. The lower surface tension
of Isopar M increases the bubble break-up rate and the
higher viscosity reduces the bubble coalescence (increased
film drainage time36), which increases the number of small
bubbles. Accordingly, Isopar M is inherently prone to foam-
ing due to its lower surface tension. The presence of par-
ticles does not lead to additional foaming.

In Figure 8a, the gas hold-up of silica-Isopar M slurries is
shown as a function of the gas velocity at various operating

Figure 6. Gas hold-up for a 0.7 vol % silica-demineral-
ized water slurry at pressures from 0.1 to
1.3 MPa.

The line represents the gas hold-up for demineralized water.

Figure 7. Gas hold-up profiles for different systems in demineralized water at various pressures: (a) impact of con-
centration of electrolyte in demineralized water, (b) impact of addition of electrolyte and activated carbon
particles to demineralized water.
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pressures. At atmospheric pressure, the gas hold-up
decreases only slightly with the silica particle concentration
increasing from 0 to 0.7 vol %, comparable to the silica-de-
mineralized water slurries. At 1.3 MPa pressure, a similar
slight decrease in the gas hold-up is observed. This is
expected for the silica particles as they are almost equally
lyophilic to demineralized water as to Isopar M (Table 2).
The lyophilicity of the activated carbon particles to Isopar M
is comparable to the silica particles. Consequently, the gas
hold-up of the carbon-Isopar M slurries closely resembles
the gas hold-up of the silica-Isopar M slurries, Figure 8b.

Mechanism for bubble coalescence at the gas distributor
in the presence of particles

The influence of the particles on the gas hold-up and on
the regime transition point can be explained by the formation
of bubbles at the gas distributor. In Figure 9, schematic
diagrams for a noncoalescing system and for a coalescing
system are shown. At the orifice in the gas distributor, as the
gas flows into the bubble, the bubble grows in size, being
still attached to the gas distributor. As soon as the buoyancy
force is larger than the surface tension force, the bubble
detaches from the distributor.

The gas flow through the orifice determines the frequency
of bubble formation for a constant bubble size. The diameter
of the bubble formed at the distributor orifice can be calcu-
lated from the force balance at the orifice. In case of a low
gas flow, single bubbles detach and rise without interaction
with the leading or trailing bubbles forming a chain. As the
gas flow increases, the frequency of bubble formation
increases. The bubbles interact with the leading bubbles and
collide with the bubbles as they rise. In case of a noncoa-
lescing system, this collision of small bubbles does not result
into coalescence as is shown in Figure 9a. The presence of
particles or surface active agents increases the coalescence
time which can be higher than the time taken by the two
bubbles to drift away from each other as they rise. In case
of a coalescing system, the two colliding bubbles instantly
coalesce to form a large bubble. The large bubble then rises
faster than the small bubbles. At very high gas flow through
the distributor orifice, the impact of the trailing gas bubble is

higher on the leading bubbles, leading to instant coalescence
of bubbles. Instead of formation of single bubbles, a jet is
formed which breaks up to form very large bubbles at the
distributor plate. This is observed in the fully developed
churn-turbulent flow regime.

The gas hold-up results in Figure 5 show that the gas
hold-up profiles in the carbon-demineralized water slurries
show an increase, whereas in Figure 6, the silica-demineral-
ized water slurries show a slight decrease when compared
with the gas hold-up profiles in the nonslurry-demineralized
water system. One of the prime effects of the catalyst
particles in the slurry phase is increasing the slurry
density and the slurry viscosity. This effect is prominent
above 5 vol %,37,38 which leads to a decrease in the gas
hold-up. Another catalyst particle property which is of im-
portance is its wetting characteristic which has a strong
influence on the coalescing behavior of the bubbles, depend-
ing on the particle being hydrophobic or hydrophilic.39,40

This effect is more pronounced at lower particle concentra-
tions, that is, below 5 vol %. A schematic diagram is shown
in Figure 10 to illustrate the influence of the carbon and
silica particles on the bubble coalescence behavior just
above the distributor when the growing bubble collides with
the leading bubble.

Figure 8. Gas hold-up for (a) silica-Isopar M slurries, and (b) carbon-Isopar M slurries at pressures from 0.1 to
1.3 MPa.

Figure 9. Formation of gas bubbles in case of noncoa-
lescing and coalescing gas–liquid system at
the orifice of the gas distributor.
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The coalescence of small bubbles above the distributor plate
follows three distinct steps after they collide, viz., film forma-
tion, film drainage, and film rupture.39–41 The film drainage is
the rate limiting step in the complete sequence of bubble coa-
lescence. In Figure 10a, the coalescence of bubbles in the
silica-demineralized water slurry is shown. Silica particles pri-
marily stay in the bulk of the liquid phase due to their hydro-
philicity and a negligible amount of particles stays at the gas–
liquid interface. As the two rising bubbles collide in the slurry,
a film is formed between the two bubbles and the silica par-
ticles move away from the gas–liquid interface towards the
bulk liquid. The particles drag some liquid from the film along
with it, helping in faster thinning and draining of the film. The
film also develops ripples or disturbances due to the outward
movement of the silica particles from the film to the bulk liq-
uid. This induces faster rupture of the film leading to enhanced
coalescence and smaller coalescence times than in the case of
pure demineralized water. Thus silica particles increase the
rate of coalescence. In Figure 10b, the coalescence of bubbles
in the presence of carbon slurries is shown schematically.
Hydrophobic activated carbon particles attach to the gas–liq-
uid interface of the bubbles.29,42 As the bubbles collide, a film
is formed between the two bubbles. In this film, the activated
carbon particles remain at the gas–liquid interface and make
the film rigid. The activated carbon particles resist the drain-
age of the film making it immobile and increasing the film
drainage time. The larger film drainage time decreases the co-
alescence rate of the bubbles. Thus activated carbon particles
decrease the coalescence rate of small bubbles when compared
with the rate of coalescence in pure demineralized water.

The particle size distribution also influences the coales-
cence rate to some extent. The activated carbon particles are
influenced by the liquid flow and the degree of turbulence
around the bubbles. Small particles have a longer residence
time at the gas–liquid interface and they prevail mainly in the
wake of the rising bubbles. The larger particles or particle
agglomerates stay in the bulk of the liquid phase and are
hardly present at the gas–liquid interface. During the coales-
cence, mostly the trailing bubble collides with the leading

bubble, thus the collision takes place in the wake of the lead-
ing bubble where small particles of carbon are present. The
activated carbon particles still have the same influence of
making the liquid film between the bubbles immobile and thus
decreasing the coalescence rate as in case of the stationary
system as described earlier. The silica particles are always in
the liquid bulk and hardly at the gas–liquid interface. Hence,
the particle size distribution of silica particles does not influ-
ence the increased coalescence of bubbles observed due to the
presence of silica particles.

Average large bubble diameter

The average large bubble diameter was estimated by using
the pressure fluctuations technique as described by Chilekar
et al.31 According to this technique, the incoherent standard

Figure 10. Schematic representation of the coalescence of two small bubbles in demineralized water in the pres-
ence of (a) hydrophilic silica particles and (b) hydrophobic activated carbon particles.

Figure 11. Average large bubble diameter at different
elevated pressures. N2-demineralized water
system was used.

The equation was developed by Chilekar et al.31 to mea-
sure average bubble diameter as a function of incoherent
standard deviation (ri) of measured pressure fluctuations
in the bubble column.
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deviation obtained from the spectral analysis of the dynamic
pressure fluctuations measured in the column is used to
determine the average large bubble diameter. The average
large bubble diameter was calculated for the demineralized
water nonslurry system at superficial gas velocities higher
than the regime transition velocity at pressures of 0.1, 0.3,
0.5, 0.7, and 1.0 MPa, as shown in Figure 11.

At 0.1 MPa pressure, the average large bubble diameter
increases sharply to around 0.04 m at a superficial gas
velocity just above the regime transition velocity of utrans
¼ 0.02 m s�1. At higher gas velocities, the average large
bubble diameter increases slightly with the superficial gas
velocity over the range of velocities investigated. At higher
operating pressure, that is, greater than 0.3 MPa, the
average large bubble diameter decreases for the same

superficial gas velocity. With increasing operating pressure,
the break-up rate of the large bubbles increases due to the
increased gas density. Letzel et al.11 used the Kelvin-Helm-
holtz stability criterion to explain the increase in break-up
of the large gas bubbles at higher operating pressure. This
leads to a smaller equilibrium size of the bubbles as can
be seen in Figure 11. At operating pressure higher than
0.5 MPa, there was no further significant decrease in the
average large bubble diameter.

The results in this sub-section show that the large bubble
diameter can be easily determined using the pressure fluctua-
tions technique also for bubble columns operated at elevated
pressure. The only limitation for the use of this technique is
the availability of pressure transducers which have a suffi-
ciently large pressure range for measuring at higher pressure
and also a stable response at high operating pressure. The
accuracy of the sensors needs to be about 50–100 Pa.

Centerline liquid velocity

The interstitial centerline liquid velocity measured for the
aqueous silica slurries at elevated pressure is shown in
Figure 12. The interstitial liquid velocity showed a remark-
able influence of operating pressure. With increase in pres-
sure for demineralized water, the interstitial liquid velocity
increased significantly as seen in Figure 12. At 0.1 MPa,
with increase in slurry concentration from 0 vol % to about
2.8 vol % of silica, there is a slight increase in the interstitial
liquid velocity. At high pressures, the average bubble size
decreases due to the high break-up rate of the large bubbles.
This leads to a decrease in the bubble rise velocity and
hence an increase in the gas hold-up. From Eq. 1, it is seen
that as the gas hold-up increases the interstitial liquid veloc-
ity also increases, as seen in Figure 12. Similar trends in the
interstitial liquid velocity were obtained for silica-Isopar
M and carbon-Isopar M systems.

Mass transfer coefficient

Letzel and Stankiewicz28 showed that for nitrogen-demin-
eralized water at high pressure, the ratio of the mass transfer

Figure 12. Interstitial centerline upward liquid velocity
at different elevated pressures.

N2-demineralized water system used with carbon slurry
particles.

Figure 13. Mass transfer coefficient vs. gas hold-up for slurries at various pressures: (a) silica-demineralized water
slurries, (b) silica-Isopar M slurries.
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coefficient to the gas hold-up (klal/eg) is approximately con-
stant in the churn-turbulent flow regime. However, the effect
of particles was not investigated by Letzel and Stankie-
wicz,28 Vandu and Krishna43 found that for silica slurries in
various liquids at atmospheric pressure, this ratio is constant
for slurry concentrations below 5 vol % but decreases at
higher slurry concentrations. Our klal vs. eg data obtained for
the silica-demineralized water slurries and for the silica-Iso-
par M slurries are shown in Figure 13a,b, respectively.

The solid lines represent the least-squared-residuals fit of
the data, dashed lines represent the 95% confidence band.
For the silica-demineralized water slurries
klal=eg ¼ 0:47�0:05 s�1, in agreement with the value of Let-
zel and Stankiewicz28 for demineralized water, and for the
silica-Isopar M slurries klal=eg¼ 0:38� 0:06 s�1.

Mass transfer correlation

Higbie’s theory35 states that Sh ¼ 1.13 Re0.5 Sc0.5, with Sh
¼ kldb/D, Re ¼ qldbub/ll, and Sc ¼ ll/qlD. It is important to
note that the equations derived in this work are for the oxygen
case; however, they can be generally applicable for other gas–
liquid systems with the appropriate diffusion coefficient and
other physical properties. With al/eg ¼ 6/db for spherical bub-
bles, the equation for klal/eg then becomes:

klal
eg

¼ 1:13
6

db

ubD

db

� �0:5
s�1 ¼ 6:8

ffiffiffiffiffiffiffiffi
Dub
d3b

s
s�1 (2)

Predominantly, small gas bubbles determine the value of
klal/eg for they provide for most of the gas–liquid interfacial
area; a gas bubble of 3 mm has a 10 times higher specific
interfacial area than a gas bubble of 3 cm. For Isopar M, the
bubble diameter at the distributor plate is �2.5 mm.44 The

rise velocity of these gas bubbles is 0.17 m s�1.45 Substitut-
ing these values in Eq. 2 gives a klal/eg-value of 0.83 s�1, a
factor 2.2 higher than the experimental value of 0.38 s�1.
Because klal/eg is constant, apparently, the average gas bub-
ble diameter does not change significantly with gas velocity
or particle concentration. The same holds for the demineral-
ized water data. The bubble diameter at the distributor plate
is �3 mm44 with a rise velocity of 0.17 m s�1.45 Equation 2
predicts a klal/eg-value of 1.08 s�1, a factor 2.3 higher than
the experimental value of 0.47 s�1. Incorporating the average
of this experimental factor of 2.25 in Eq. 2 results in the fol-
lowing correlation:

klal
eg

¼ 3:0

ffiffiffiffiffiffiffiffi
Dub
d3b

s
s�1 (3)

with db the diameter of the gas bubbles at the sparger
estimated from Kulkarni and Joshi,44 and ub determined from
the equation by Wesselingh.45 It is important to note that Eq. 3
is only validated for the churn-turbulent flow regime, for
operating pressures between 0.1 and 1.3 MPa and for slurry
concentrations up to 3 vol %.

Concluding Remarks

The effects of operating pressure and presence of low con-
centrations of slurry particles on the gas hold-up profiles in a
slurry bubble column are schematically represented in Figure
14. At elevated pressure, the higher gas density leads to the
faster bubble disengagement at the orifice on the distributor
plate into smaller bubbles than at atmospheric pressure. These
small gas bubbles are stable and need significant liquid circu-
lation rates for coalescence into larger bubbles. Thus the re-
gime transition at elevated pressure occurs at superficial gas
velocities higher than at atmospheric pressure. The gas hold-
up correspondingly increases in the churn-turbulent flow re-
gime and this increases the performance of the slurry bubble
columns at elevated pressure giving a higher volumetric mass
transfer coefficient. The lyophobicity of the catalyst particle
decides the further increase or decrease of the gas hold-up.
Thus the overall hydrodynamic behavior of the SBC is based
on a combined influence of the pressure and the catalyst par-
ticles lyophobicity. The key results are listed below:
(1) The gas hold-up and the flow regime transition point

are not influenced by the presence of lyophilic particles at
low slurry concentrations up to 3 vol %. Lyophobic particles
shift the regime transition to a higher gas velocity and
induce foaming.
(2) The regime transition velocity increases with operating

pressure. The average large bubble diameter decreases with
pressure in the nonslurry demineralized water system.
(3) The interstitial liquid velocity increases with pressure

and at a given pressure it increases with increasing slurry
concentration.
(4) The gas–liquid mass transfer coefficient is proportional

to the gas hold-up for all investigated slurries and is not
affected by the particle lyophobicity nor by the elevated
operating pressure.
(5) The ratio of the mass transfer coefficient to the gas

hold-up for silica-demineralized water slurries is obtained as

Figure 14. Schematic representation of the gas hold-
up profile in a slurry bubble column at ele-
vated pressure and in the presence of cata-
lyst particles.

Vertical arrows: trends in gas hold-up profiles. Horizontal
arrow: regime transition velocity trend.
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klal=eg ¼ 0:47� 0:05 s�1. For silica-Isopar M slurries, this
ratio is obtained as klal=eg ¼ 0:38� 0:06 s�1.
(6) The ratio klal/eg for a particular gas–liquid–solid system

in a bubble column can be estimated using the system’s appro-

priate physical properties as klal=eg ¼ 3:0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dub=d

3
b

p
s�1.
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Notation

al ¼ interfacial area per unit volume of liquid, m�1

db ¼ average bubble diameter at the sparger (db ¼ 6do/qlg), m
do ¼ diameter of the orifice at the sparger, m
dp ¼ mean particle diameter, lm
D ¼ diffusivity of gas phase in liquid, m2 s�1

DH ¼ heat of immersion, mJ m�2

klal ¼ liquid side mass transfer coefficient per unit volume of the
liquid, s�1

kl ¼ intrinsic mass transfer coefficient of the liquid side, m s�1

m ¼ constant in the Rice and Geary32 equation, dimensionless
MA, MB ¼ molecular weight, kg kmol�1

Pc ¼ critical pressure, MPa
DP ¼ pressure drop, Pa
r ¼ variable in the radial direction, m
R ¼ radius of the column, m
Re ¼ Reynolds number (Re ¼ qldbub/ll), dimensionless

SBET ¼ BET surface area of catalyst particles, m2 g�1

Sc ¼ Schmidt number (Sc ¼ ll/qlD), dimensionless
Sh ¼ Sherwood number (Sh ¼ kldb/D), dimensionless
Tc ¼ critical temperature, K
ub ¼ bubble rise velocity of the gas bubbles formed at the sparger

(ub ¼ 0:71
ffiffiffiffiffiffiffi
gdb

p
), m s�1

ug ¼ superficial gas velocity, m s�1

tA ¼ molar volume of gases, m3 kmol�1

Vl ¼ interstitial centerline liquid velocity, m s�1

Vs.p ¼ pore volume of catalyst particles, ml g�1

Greek letters

eg ¼ overall gas hold-up, m3
gas m

�3
reactor

eg,r ¼ radial gas hold-up, m3
gas m

�3
reactor

ep ¼ porosity of the particles, m3
gas m

�3
particle

ll ¼ viscosity of slurry, Pa s
ql ¼ density of slurry, kg m�3

qs ¼ solid density of particles, kg m�3
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