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Gas hold-up and bubble size distribution in a slurry bubble column (SBC) were measured using the advanced noninvasive
ultrafast electron beam X-ray tomography technique. Experiments have been performed in a cylindrical column (DT ¼ 0.07
m) with air and water as the gas and liquid phase and spherical glass particles (dP ¼ 100 �m) as solids. The effects of solid
concentration (0 � Cs � 0.36) and superficial gas velocity (0.02 � UG � 0.05 m/s) on the flow structure, radial gas hold-up
profile and approximate bubble size distribution at different column heights in a SBC were studied. Bubble coalescence
regime was observed with addition of solid particles; however, at higher solid concentrations, larger bubble slugs were
found to break-up. The approximate bubble size distribution and radial gas hold-up was found to be dependent on UG and
Cs. The average bubble diameter calculated from the approximate bubble size distribution was increasing with increase of
UG. The average gas hold-up was calculated as a function of UG and agrees satisfactorily with previously published
findings. The average gas hold-up was also predicted as a function of Cs and agrees well for low Cs and disagrees for high
Cs with findings of previous literature. VVC 2012 American Institute of Chemical Engineers AIChE J, 59: 1709–1722, 2013
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Introduction

Slurry bubble column (SBC) reactors find a wide range of
application in the chemical process industries. Most important
applications of SBC reactors are catalytic hydrogenation of oil,
methanol synthesis, Fischer–Tropsch synthesis, and others.1–3

Particularly, Fischer–Tropsch processes are currently the focus
of worldwide academic and industrial interest due to their abil-
ity of converting remote natural gas to liquid transportation
fuels. The SBC reactor is proven to be the best Reacting device
for Fischer–Tropsch processes due to its simple design.4 The
optimal design of SBC reactors for achieving highest levels of
conversion requires detailed knowledge on hydrodynamic pa-
rameters, such as gas hold-up, phase velocity, bubble size distri-
bution, and mass transfer. Mass transfer in a SBC reactor is
mainly controlled by the gas–liquid interfacial area and hence
the knowledge of gas hold-up and bubble size distribution is
essential. From last decades, extensive research on the effect of
presence of solids on the hydrodynamics of SBC reactors is
going on, but still the detailed understanding of the underlying

flow mechanisms is far from being satisfactory. The role of sol-
ids in gas–liquid flows is complex and not fully understood.
Presence of solids changes the apparent fluid viscosity and sur-
face tension that might act like surfactants at the gas–
liquid interface. With that solid decisively determine macro-
scopic flow effects and properties, such as bubble formation,
bubble rise, gas hold-up, and regime transition, which are in
turn key parameters for the heat and mass transfer efficiency in
SBC reactors. Few hydrodynamic aspects of SBC reactors have
been reviewed by various researchers in the past,5–8 up to inves-
tigations made for elevated temperature and pressure condi-
tions.8–11 From the previous literature, it was found that slurry
viscosity has a strong effect on gas hold-up as compared to
pressure and temperature.12,13,8 This work is related to the
hydrodynamic flow behavior in a SBC at ambient conditions
and thus studies on SBC at ambient condition are summarized
in Table 1 and briefly discussed in the following sections.

Effect of solid concentration (Cs) on gas hold-up

The effect of Cs on gas hold-up in SBC has been studied
extensively for instance by Krishna et al.,17 Vandu et al.,26

Ruthiya et al.,27 and Chen et al.18 They found that an addi-
tion of solids essentially increases the pseudoviscosity of the
liquid and stabilizes the gas–liquid interface, which in turn
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enhances bubble coalescence and decreases the bubble
break-up rate. As a result, reduction in gas hold-up with
increasing solids concentration was reported. Krishna et al.17

studied the influence of silica particle concentration (0 \ Cs

\ 0.36) on the total gas hold-up for different gas superficial
velocities in two different columns (DT ¼ 0.38 and 0.1 m).
The dynamic gas disengagement experiments performed by
Krishna et al.17 show that dense (smaller bubbles) phase gas
hold-up significantly reduces with increasing Cs but inde-
pendent of DT. However, dilute phase gas hold-up was found
to be virtually independent of slurry concentration but signif-
icantly dependent on DT. Further, Vandu et al.26 found out
that due to early creation of large bubbles in the presence of
solid particles the transition velocity decreases. On the other
hand, several researchers15,28–32 observed a dual effect of
solids on gas hold-up. Kara et al.28 reported a higher gas
hold-up with solids of dP ¼ 10 lm than that with a solids
free system. Sada et al.29 and Bukur et al.30 also found
maximum gas hold-up with Cs, whereas Jamialahmadi and
Mueller-Steinhagen15 demonstrated that an increase or
decrease in gas hold-up in an air–water system with the
addition of solids depends on the nature of the solids. They
found that an addition of nonwettable solids (nylon) reduces
gas hold-up, whereas an addition of wettable solids (styrocel)
increases gas hold-up. Recently, Mena et al.32 studied the
effect of Cs on the homogeneous–heterogeneous flow regime
stability in a DT ¼ 0.14 m column using air, distilled water,
and calcium alginate beads (dP ¼ 2.1 mm, qP ¼ 1023 kg/
m3). They found that the gas hold-up increases with increas-
ing solids content up to Cs ¼ 0.03 and decreases at further
addition of solids. They also found that for low Cs (\ 0.03)
the homogeneous regime was found to be stabilized, whereas
for higher Cs ([ 0.03) destabilization occurred. From the
above discussion, it is found that addition of solid particles
to gas–liquid systems may either increase or reduce the
bubble coalescence and hence gas hold-up. Furthermore, the
reason of this conflicting behavior is not yet explained
properly and needs to be investigated.

Effect of solid concentration on bubble size distribution

The bubble size distribution, which provides information
about interfacial forces and interaction among the phases,
plays an important role in the hydrodynamics and mass-
transfer behavior of SBC reactors. However, accurate predic-
tion of the bubble size distribution in SBC reactors is a
difficult task. Recently, Chilekar et al.22 estimated the aver-
aged bubble size in a SBC from pressure fluctuations.
Carbon particles of dP ¼ 40 lm were used in both two-
dimensional and three-dimensional (3-D) SBCs. The measured
average bubble diameters agreed well with the predicted
diameters of large bubbles using an empirical correlation of
Krishna et al.17 However, the correlation of Krishna et al.17

was developed for churn-turbulent gas–liquid flows in a 3-D
column. The maximum Cs used by Chilekar et al.22 was
0.78%, which is not large enough to significantly change the
pseudoviscosity of the slurry. Therefore, the effect of solids
on averaged bubble diameter is not significant.

Effect of solid concentration on flow structure

The flow structure of the gas phase in a 3-D SBC was
first time measured by Warsito and Fan19 using electrical
capacitance tomography (ECT). They studied the effect of
polystyrene particles (dP ¼ 2 mm) on the bubble flow struc-
ture in an air-paratherm system. They observed bubble

break-up with addition of solid particles (5 and 10%). How-
ever, due to low spatial resolution of ECT, which is 5–10%
of the column diameter and low temporal resolution of max.
100 frames/s, interesting details of the flow, such as bubble
size distributions, interfacial area distributions, and gas phase
dynamics, could not be resolved.

Empirical correlations for gas hold-up prediction in
SBC reactors

Table 2 summarizes the available correlations for predict-
ing gas hold-up in SBC reactors. The effects of UG and Cs

on the gas hold-up are predicted using the available correla-
tions and are shown in Figures 1a&b, respectively. There
exists a variation in the predicted trends of the effect of UG

and Cs on gas hold-up. The results of Reilly et al.33 as well
as Sauer and Hempel34 show a sharp increase of gas hold-up
for an increase in UG, whereas the results of Krishna and
Sie12 and Kara et al.28 show a gradual increase with UG (see
Figure 1a). Further, the correlations of Kara et al.28 and Sauer
and Hempel34 show that gas hold-up is almost independent
of Cs, whereas Krishna and Sie12 found a linear decease of
gas hold-up with increase in Cs. From these facts, it seems
that any correlation to be developed for predicting gas hold-
up in SBC reactors accurately has to account for factors like
solid properties (dP, qs, Cs), reactor size (DT), and gas distri-
bution. To the best of author’s knowledge, no correlation is
available for bubble size distributions in SBC reactors.

In the above reviewed previous studies on SBC, different
flow measurement techniques of varying complexity and
principles had been used. They include pressure transducers,
local probes, radioactive particle tracking, and tomography
methods. Pressure drop measurement together with statistical
analysis techniques is a simple and effective method to iden-
tify flow regimes, and from the pressure fluctuations, bubble
coalescence and breakup are identified in a SBC.17,27 How-
ever, this simple measurement approach is based on the pres-
sure fluctuations measured at the wall and does not reflect
the conditions inside the column, which could be different
from that at the wall. Local probes, on the other hand, are
known to have influence on the flow and fail in piercing
small gas bubbles appropriately. Computer automated radio-
active particle tracking (CARPT) is a more complex tech-
nique, which is based on the tracking of radioactively
labeled small particles through the opaque flow. It is well
suited for opaque slurries, but unfortunately it does not give
information about the phase fraction, though with respect to
velocity this technique offers a good spatial resolution (2–5
mm) and temporal resolution (up to 25 Hz).36,37 Tomo-
graphic imaging techniques are also complex but attractive,
as the target is the phase fraction distribution. Examples are
gamma ray tomography,38 X-ray tomography,39 ultrasound
tomography,20,25 and electrical tomography.19,40 Especially,
the latter ECT is considered to be a most powerful technique
to study flow dynamics in SBC. However, ECT has serious
limitations regarding spatial resolution as discussed earlier.
Summarizing, to date, the limitations of existing measure-
ment techniques for highly dynamic and opaque multiphase
flows hamper an experimental study of time-resolved flow
structures and bubble size distributions, and eventually also
gas hold-up in SBC at high superficial gas velocities and
higher solid concentrations. Ultrafast electron beam X-ray
tomography developed at HZDR is emerging as a powerful
technique to capture the real-time data of highly dynamic
flows in opaque systems like SBC, because of its high tem-
poral (up to 7000 fps) and spatial resolution (�1 mm).
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In this work, experimental investigations were performed
using this X-ray tomography modality to determine the
hydrodynamic flow properties in a 3-D SBC. The effect of
Cs on gas hold-up, bubble size distribution, and flow struc-
ture at different UG were studied. Essential details of the ex-
perimental setup and measurement technique are given in
the next section. The results obtained from the tomographic
measurements are discussed in the following sections.

Experiments

Experimental setup

The experimental setup consists of a cylindrical column of
70-mm inner diameter and 1500 mm height as shown in
Figure 2a. The initial liquid height was adjusted to 1000 mm.
The gas distributor used in this study was a perforated plate
with uniformly distributed 95 holes of diameter 1 mm as
shown in Figure 2a. Air and demineralized water were used
as gas and liquid phases, respectively. Spherical glass par-
ticles (dP ¼ 100 lm, qP ¼ 2500 kg/m3) were used as solids.
All experiments were performed at ambient temperature and
pressure conditions. The gas flow rate was controlled by a
rotameter. Besides the tomographic scanning plane height (300,
600, and 950 mm above the gas distributor), we varied superfi-
cial gas velocities UG (0.02, 0.036, and 0.05 m/s) and solids
concentration Cs (0.05, 0.10, 0.20, and 0.36) in this study.

Ultrafast electron beam X-ray tomography

The ultrafast electron beam X-ray tomography setup is
shown in Figure 2b. The tomograph produces slice images
from radiographic projections obtained with the scanned
electron beam principle. A sharply focused electron beam of
up to 10 kW power and 150 kV acceleration voltage is
guided and scanned across a circular metal target where
X-rays are produced in the beam’s focal spot. Rapid deflec-
tion by means of an electron optics allows a fast circulation
of the focal spot around the SBC. X-rays passing the bubble
column are recorded by a very fast multipixel X-ray arc
detector coaligned with the target. The tomograph is fast
enough to produce up to 7000 cross-sectional images per s
at a spatial resolution of about 1 mm.23,41

Because of the fast operation of this scanner, the image
processing is done offline after the measurements. In this
work, the scans were performed at 2500 frames per second
(fps) speed for 4 s duration, which gives 10,000 cross-sec-
tional images per single scan. The images are reconstructed
from the radiographic projection data with in-house devel-
oped reconstruction software. The images have a format of
128 � 128 pixels whereby each pixel encodes the local lin-
ear X-ray attenuation coefficient, which essentially corre-
lates with the local material density. Thus, in the cross-sec-
tional images, the slurry phase and the gas appear with dif-
ferent gray levels. Single particles are too small to be

Table 2. Correlations for Gas Hold-Up Prediction in SBC at Ambient Conditions

Reference Gas/Liquid/Solid Operation Condition Correlations

Kara et al.28 Air/water/coal,
dried mineral ash

UG ¼ 0.03–0.3 m/s,
USL ¼ 0–0.1 m/s,
Cs ¼ 0–40 wt %,
DT ¼ 0.152 m,
dP ¼ 10–70 lm

eG ¼ ReG

AþBReGþCReSLþD
eS

eSþeL

8: 9;; A, B, C, and D depends

on the particle sizes

Krishna
and Sie12

Air/paraffin oil,
tellus oil/silica

UG � 0.5 m s,
Cs � 36 vol %,
DT ¼ 0.1–0.63 m,
dP ¼ 38 lm

eG ¼ eG�large þ edf 1 � eG�dfð Þ; eG�large ¼
UG � UG�df

Ub�large

Ub�large ¼ 0:71
ffiffiffiffiffiffiffiffi
gdB

p
ðSFÞðAFÞðDFÞ

SF ¼ 1; dB=DC\0:125

SF ¼ 1:13e �dB=DTð Þ; dB=DT > 0:6

AF ¼ aþ b UG � UG�dfð Þ
DF ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:29=qG

p
dB ¼ c UG � UG�dfð Þd

for Tellus oil; a ¼ 2:25;b ¼ 4:09; c ¼ 0:069; d ¼ 0:376

UG�df ¼ Ub�smalledf; edf ¼ edf;0
qG

qG;ref

8>>>:
9>>>;

0:48

; 1 � 0:7

edf;0
Cs

8>>:
9>>;; edf ¼ 0:27

for paraffin oil

Ub�small ¼ Ub�small;0ð1 þ 0:8

Ub;small;0
CsÞ; Ub�small;0 ¼ 0:095 m=s

Reilly et al.33 Air/water/glass
beads

UG ¼ 0.02–0.2 m/s,
Cs � 10 vol %,
DT ¼ 0.3 m,
dP ¼ N/A

eG ¼ 296U0:44
G q�0:98

L r�0.16 q0:19
G þ 0.009

Sauer and
Hempel34

Air/water/solids
(1020 � qP

� 2780 kg/m3

UG ¼ 0.01–0.08 m/s,
Cs ¼ 0–20 vol %,
DT ¼ 0.14 m,
dP ¼ 2.9 mm

eG

ð1�eGÞ ¼ 0:0277 UG

UGgVSLð Þ0:25

8: 9;0:844
VSL

Vef;rad

8: 9;�0:136
Cs

CS0

8: 9;0:0392
� �

Koide et al.35 Nitrogen/water,
glycerol, glycol,
inorganic electrolytes/
glass and bronze

UG ¼ 0.03–0.15 m/s,
Cs ¼ 0–200 kg/m3,
DT ¼ 0.1–0.3 m,
dP ¼ N/A

eG

ð1�eGÞ4 ¼ AðUGlL=rgÞ0;918ðgl4
L=q Lr3Þ�0:252

1þ4:35 Cs
qP

8: 9;0:748
qP�qL
qL

8: 9;0:881
DTUGqL

lL

8: 9;�0:168; A ¼ 0.227

water, glycerol; 0.364 for inorganic electrolytes

1712 DOI 10.1002/aic Published on behalf of the AIChE May 2013 Vol. 59, No. 5 AIChE Journal



resolved (Figure 3). The effective pixel size is 0.55 mm/
pixel.

The bubble size distributions in the SBC were approximated

from the tomographic images using an algorithm previously

developed for wire mesh sensor data.42 The data were treated

as a 3-D volume (series of cross-sectional images over time).

First, the data were binarized, and the image volume elements

(voxels) were labeled according to the phase they contain.

Voxels outside the circular column cross-section were masked

out. The distinction between the voxels filled with gas and

voxels filled with slurry was made by introducing a threshold.

For this study, the threshold has been selected basing on a

phantom analysis as 0.47 of the slurry gray value. The sensi-

tivity of the threshold of the reconstructed tomographic images

on approximate bubble size distribution was also studied and

found that the approximate bubble size distribution was insen-

sitive till � 5% of the threshold (0.47). The procedure to com-

pute bubble size distribution then has following steps:
• Identification of bubbles, by segmentation of regions of

connected gas containing voxels. Each voxel that belongs to
one bubble is assigned a unique bubble identification num-
ber. Different bubbles receive different bubble identification
numbers.
• Calculation of the bubble volume (VB) by summing the

voxels belonging to an identified bubble region

VB;N ¼ DxDyDt � wG

X
i;j;k

ei;j;k (1)

where Dx ¼ Dy is the in-plane voxel edge length and Dt ¼
1/fsample ¼ 0.4 ms the temporal slice separation. To convert

the time axis into a length scale, local gas rise velocities

would be needed. As they are not available from the data,

Figure 1. Comparison of gas hold-up as a function of
(a) UG and (b) Cs, estimated using various
correlations available in the literature (Sauer
and hempel,34 Kara et al.,28 Krishna and
Sie,12 Reilly et al.33).

Figure 2. (a) Schematic diagram of the experimental setup and (b) snapshot of the ultrafast electron beam X-ray
tomography.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the average gas velocity wG ¼ UG/e was used in the calcula-

tion of the bubble size distribution.

• From the bubble volume equivalent bubble diameters
are calculated according to

dB;n ¼
ffiffiffi
6

p

r
� VB;N (2)

• Calculation of a statistical distribution with the equiva-
lent bubble diameter as variable. Eventually, the approximate
bubble size distribution is represented as local gas hold-up
(De/DdB) related to each bubble class width.
• The average bubble diameter is calculated from the ap-

proximate bubble size distribution for an individual case as
follows

dB;average ¼
PdB;max

0
De
DdB

8: 9; � dBPdB;max

0
De
DdB

8: 9; (3)

The assumption of all the bubbles moving at average gas ve-
locity (wG ¼ UG/eG) is a simplified way to estimate approxi-
mate bubble size distribution in a bubble column. However,
few previous literatures43,44 suggest that, liquid circulation is
negligible in bubble columns with column diameter DT \
0.10 m. In this work, DT ¼ 0.07 m was used for the measure-
ments, and the bubbles were found to be moving upward like
a slug flow with negligible liquid circulation. Therefore, the
assumption of average gas velocity considered for the calcula-
tion of approximate bubble size is not unreasonable. However,
it should be also noted that this approximation may not be cor-
rect for bubbly flows in large diameter column where the het-
erogeneous flow regime and liquid circulations are more sig-
nificant. A detailed description of the bubble size distribution
including decomposing of gas fraction distribution according
to the bubble classes are given in Prasser et al.42,45

Results and Discussion

From the tomography data, we are able to assess the ap-
proximate bubble size distribution, the radial gas hold-up pro-
file and the flow structure of the gas phase. The evolving flow
structures are being visualized by producing 3-D bubble sur-
face images from a stack of 2500 reconstructed cross-sectional
tomographic images captured in 1 s (Figure 3). The vertical
coordinate of these virtual projections is the time. The approx-
imate bubble size distribution and radial gas hold-up profiles
were calculated for each scan (10,000 images captured in
4 s). The effects of Cs (¼ 0.05, 0.10, 0.20, 0.36) and UG

(¼ 0.02, 0.034, and 0.05 m/s) on the flow structure, the
approximate bubble size distribution and the radial gas hold-
up at different H ¼ 300, 600, and 950 mm were studied and
are discussed in the following subsections.

Effect of column height

Figures 3a–c show virtual projections of the gas phase
flow structure in a gas–liquid system for H ¼ 300, 600, and
950 mm at UG ¼ 0.02, 0.034, and 0.05 m/s, respectively.
The approximate bubble size distribution at different column
heights for UG ¼ 0.02, 0.034, and 0.05 m/s for the gas-liquid
system (Cs ¼ 0) are shown in Figures 4a–c, respectively.
The comparison of time-averaged radial gas hold-up profiles
at different column heights for UG ¼ 0.02, 0.034, and 0.05
m/s for the gas–liquid system (Cs ¼ 0) is shown in Figures
5a–c, respectively.

With respect to the axial scan position, insignificant differ-
ences were observed for the approximate bubble size distribu-
tion and the radial gas hold-up profile at UG ¼ 0.02 m/s in
gas-liquid flow (see Figures 4a and 5a). The approximate bub-
ble size distribution, which represents the local gas hold-up
that is related to the bubble class width (De/DdB), was found
to be almost homogeneous with a maximum local gas hold-up
measured at a bubble size range of dB ¼ 5–8 mm. The flow

Figure 3. Virtual sectional projection of gas phase distribution in gas-liquid flows at UG 5 (a) 0.02 m/s, (b) 0.034 m/s,
and (c) 0.05 m/s for three different heights H 5 300, 600, and 950 mm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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structure is characterized by a monomodal bubble size distri-
bution at UG ¼ 0.02 m/s for all the scanning planes. A homo-
geneous bubbly flow can also clearly be identified in the vir-
tual side projections of the gas phase structure for all scanning
planes at UG ¼ 0.02 m/s (see Figure 3a).

As UG increases to 0.034 m/s bubbles start to interact
among each other and to coalesce. At H ¼ 300 mm, the gas-
phase flow structure is characterized by monomodal homoge-
neous bubbly flow with maximum local gas hold-up at
bubble size range dB ¼ 5–10 mm. However, with the flow
development (at H ¼ 600 and 950 mm) coalescence of the
bubbles increases, and the flow structure of the gas phase
becomes heterogeneous (Figure 4b). The evolving approxi-
mate bubble size distributions of the gas phase at UG ¼
0.034 m/s are now bimodal size distributions as shown in

Figure 4b. The measured bubble size at which maximum
local gas hold-up was observed increases with the flow de-
velopment (dB ¼ 5–10 mm and dB ¼ 20–22 mm at H ¼
600 mm; dB ¼ 5–10 mm and dB ¼ 25–35 mm at H ¼ 950
mm). However, the distance from the gas injector was found
to be insignificant with respect to the radial gas hold-up pro-
file at UG ¼ 0.034 m/s as shown in Figure 5b. At higher UG

¼ 0.05 m/s, the transition of heterogeneous bubbly flow (at
H ¼ 300 mm) into churn-turbulent bubbly flow (at H ¼ 600
and 950 mm) was observed as shown in Figure 3c. Bimodal
bubble size distributions were observed for all the scanning
planes (shown in Figure 4c). However, large bubble slugs
with an equivalent bubble diameter of dB ¼ 32–42 mm were

Figure 4. Approximate bubble size distribution of gas–
liquid flows at UG 5 (a) 0.02 m/s, (b) 0.034 m/s,
and (c) 0.05 m/s at three different heights
(H 5 300, 600, and 950 mm).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 5. Radial gas hold-up of gas–liquid flows at UG 5 (a)
0.02 m/s, (b) 0.034 m/s, and (c) 0.05 m/s at three
different heights (H5 300, 600, and 950mm).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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observed at higher column heights due to bubble coales-
cence. Similar to UG ¼ 0.034 m/s, the averaged radial gas
hold-up profile at UG ¼ 0.05 m/s does not show any signifi-
cant dependency on the height as shown in Figure 5c.

From the above discussion, it follows that approximate
bubble size distributions and as a consequence the flow
structure of the gas phase changes as the flow develops in
the column. However, the radial gas hold-up of the cross-
section remains almost the same throughout the column for
the solid-free gas–liquid system. An artificially high value of
gas fraction near the wall was observed mainly at column
height of H ¼ 300 mm. The probable artifacts for the dark
region within 2 mm of the wall may be due to a little divi-
sion of the measurement scan at H ¼ 300 mm from the ref-
erence scan. The measurements near 2 mm of the wall
region were considered to be suspicious at H ¼ 300 mm and
were not considered for all the measurement cases reported
in the article. In the article, the values near the wall region
(radial distance ¼ 33–35 mm) were shaded.

Effect of solid concentration

To study the effect of Cs on the gas phase flow behavior

in a SBC, experiments have been performed at different Cs

(0 � Cs � 0.36) for UG ¼ 0.02, 0.034, and 0.05 m/s. Figures

6a and b shows the virtual projections of gas phase flow

structure for different Cs (0 � Cs � 0.36) at UG ¼ 0.02,

0.034 and 0.05 m/s at H ¼ 300 and 950 mm, respectively.

The effect of Cs on approximate bubble size distributions of

the gas phase for different UG ¼ 0.02, 0.034, and 0.05 m/s

at H ¼ 300 and 950 mm are shown in Figures 7 and 9,

respectively. The time-averaged radial gas hold-up at differ-

ent Cs for UG ¼ 0.02, 0,034, and 0.05 m/s at H ¼ 300 and

950 mm are shown in Figures 8 and 10, respectively.
From Figure 6a, it was found that bubbles start coalescing

even at low Cs. This behavior can be explained by the fact

that the pseudoviscosity of the slurry increases with the addi-
tion of solids, which enhanced the coalescence of bubbles and

as a result large bubble slugs were formed. In Figure 6a, the

Figure 6. Virtual projection of the gas phase structure in gas-slurry flows at UG 5 0.02, 0.034, and 0.05 m/s for
Cs 5 0.05, 0.10, and 0.36 at (a) H 5 300 mm and (b) H 5 950 mm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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large bubble slugs were found to concentrate in the center
region of the column up to Cs ¼ 0.10 at UG ¼ 0.02 m/s.

However, at Cs ¼ 0.36 large slugs start breaking-up and
reduction in the bubble sizes was observed due to the effect

of the wall and bubble-particle interactions (Figure 6a(i)).
This phenomenon agrees with the observations of Michelsen

and Østergaard46 and Warsito and Fan.19 The formation of
large bubble slugs with the addition of solid particles can also

be found in the approximate bubble size distributions at UG ¼
0.02 m/s at H ¼ 300 mm (Figure 7a). The maximum local

gas hold-up for gas-liquid flow was found to be within dB ¼
5–8 mm (Figure 3a), whereas with addition of Cs the maxi-

mum local gas hold-up was found to be around dB ¼ 20–25
mm at both Cs ¼ 0.05, 0.10, and 0.36. Due to the formation

of large bubble slugs with increasing Cs at a constant UG, the
gas momentum per unit mass of slurry decreases, which in

turn decreases the total gas hold-up.17,24 Therefore, due to the
coalescence of bubbles and formation of large bubble slugs,

the gas hold-up profile at UG ¼ 0.02 m/s and H ¼ 300 mm
was found to decrease with increasing Cs (Figure 8a).

At UG ¼ 0.034 m/s, the heterogeneous bubbly flow
regime for solid-free flow was found to changed into the
bubble coalescence regime with increasing Cs (Figure 6a(ii)).
The bubble coalescence was found to start early and more
significantly compared to UG ¼ 0.02 m/s (see Figure 6a(ii)).
Large bubble slugs of equivalent diameter dB � 32–35 mm
were found at Cs ¼ 0.05 and 0.10 (Figure 7b). After attain-
ing a maximum size of the bubble slugs at Cs ¼ 0.10,

Figure 7. Approximate bubble size distribution in the
SBC at UG 5 (a) 0.02 m/s, (b) 0.034 m/s, and
(c) 0.05 m/s for 0 � Cs � 0.36 at H 5 300 mm.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Radial gas hold-up in the SBC at UG 5 (a)
0.02 m/s, (b) 0.034 m/s, and (c) 0.05 m/s for
0 � Cs � 0.36 at H 5 300 mm.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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bubbles start breaking-up after further addition of solids (Cs

¼ 0.36) as shown in Figure 6a(ii). The bubble break-up and
reduction of the bubble sizes can also be observed in the ap-
proximate bubble size distribution profiles (see Figure 7b).
The local gas hold-up was found maximum at dB ¼ 27.5
mm (Cs ¼ 0.36) as compared to that at dB ¼ 32–35 mm for
Cs ¼ 0.05 and 0.10. Again, the gas hold-up in the cross-sec-
tion was found to reduce for increasing Cs as shown in
Figure 8b. Similar behavior was also found at UG ¼ 0.05 m/s,
where the churn-turbulent flows at Cs ¼ 0 converted to flows
with large slugs after addition of solid particles, which

affects the approximate bubble size distribution and radial
gas hold-up (as shown in Figures 7c and 8c).

The effects of Cs on the flow structure at H ¼ 950 mm
are shown in Figure 6b. After addition of solids, bubbles
starts to coalesce even at low Cs and low UG (Figure 6b(i)).
Bubble coalescence and formation of large bubble slugs was
found to be more significant at a higher column height H ¼
950 mm as compared to that at H ¼ 300 mm. Figure 9 also
shows the presence of large bubble slugs after addition of
solid particles (e.g., dB � 32.75, 52, and 52 mm at Cs ¼
0.05 for UG ¼ 0.02, 0.034, and 0.05 m/s, respectively). The
bubble break-up regime was more prominent with further
increase in Cs at H ¼ 950 as compared to that at H ¼ 300
mm (Figures 6a,b). Due to bubble coalescence at low Cs

(¼ 0.05), the radial gas hold-up was reduced, whereas at

Figure 9. Approximate bubble size distribution in the
SBC at UG 5 (a) 0.02 m/s, (b) 0.034 m/s, and
(c) 0.05 m/s for 0 � Cs � 0.36 at H 5 950 mm.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 10. Radial gas hold-up in the SBC at UG 5 (a)
0.02 m/s, (b) 0.034 m/s, and (c) 0.05 m/s for
0 � Cs � 0.36 at H 5 950 mm.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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higher Cs (� 0.10) the radial gas hold-up was found to have
increased due to presence of smaller bubbles generated by
bubble break-up as shown in Figure 10.

From the study of the effect of Cs on the flow structure,
approximate bubble size distribution and radial gas hold-up,
it was found that the bubbles start coalescing after addition
of solid particles; however, with addition of more solid par-
ticles, the bubble break-up regimes start to dominate. This
bubble break-up regime phenomenon can be explained by
the increased bubble-particle interactions and reduction of
available space for the gas-liquid mixture in the presence of
solids. It was also found that the transition point between the

bubble coalescence and break-up regimes starts decreasing
with the increase of superficial gas velocity. This interesting
dual effect of solid concentration on gas hold-up was also
reported in previous literature.28,30,32

Effect of superficial gas velocity

The effects of UG on the hydrodynamic flow behavior of
the gas phase in a SBC for 0 � Cs � 0.36 at three column
heights were studied. The comparison of approximate bubble
size distribution at Cs ¼ 0, 0.05, and 0.36 for different UG

(0.02�UG� 0.05 m/s) at H ¼ 950 mm is shown in Figures
11a–c respectively. The effects of UG on the averaged radial
gas hold-up in a SBC at Cs ¼ 0, 0.05, and 0.36 are shown
in Figures 12a–c, respectively.

Figure 11. Approximate bubble size distribution in
the SBC at Cs 5 (a) 0, (b) 0.05, and
(c) 0.36 for UG 5 0.02, 0.034, and 0.05 m/s at
H 5 950 mm.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Radial gas hold-up in the SBC at Cs 5 (a) 0,
(b) 0.05, and (c) 0.36 for UG 5 0.02, 0.034,
and 0.05 m/s at H 5 950 mm.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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At Cs ¼ 0, homogeneous bubbly flow was observed at
low UG ¼ 0.02 m/s. As UG increases more bubbles were
observed and the transition from homogeneous to heteroge-
neous (UG ¼ 0.034 m/s) and to churn-turbulent bubbly flow
(UG ¼ 0.05 m/s) was observed at H ¼ 950 mm (see Figure
3). The regime transition at Cs ¼ 0 can also be seen from
the approximate bubble size distribution profile in Figure
11a. As expected, with the increase of UG, the total radial
gas hold-up at Cs ¼ 0 increased, as shown in Figure 12a.
The observation could be explained by the fact that with
increasing UG, more bubbles were generated and interaction
among the bubbles becomes significant, which increases the
overall gas hold-up. As mentioned in the earlier sections,
large bubble slugs of equivalent diameter almost equal to the
column diameter were observed with the increase in Cs for
all the three superficial gas velocity. The increase of the size
of bubble slugs with increase of UG for Cs ¼ 0.05 can
clearly be seen in the approximate bubble size distribution
profile (shown in Figure 11b). The radial gas hold-up at Cs

¼ 0.05 (shown in Figure 12b) was found to increase with

increasing UG. However, for very dense systems (Cs ¼ 0.36)
and in churn-turbulent flow regimes, the increase of UG has
only a slight effect on the averaged radial gas hold-up, as
shown in the Figure 12c. A similar observation was also
reported in the previous literature.14,17 From the above
observation of the effect of UG on the radial gas hold-up, it
was found that the cross-sectional gas hold-up in SBC
increases with UG at all the solid concentrations (0 � Cs �
0.36) considered in this study.

From the above discussions on the effect of Cs on approxi-
mate bubble size distribution at different UG and H, it was
found that the average bubble diameter is significantly higher
after addition of solid particles than in the case of a solid-free
gas–liquid system (Cs ¼ 0). The average bubble diameter
(calculated using Eq. 3) as a function of UG for different Cs is
plotted in Figure 13. The average bubble diameter increases
with UG and is found to be in good agreement with the aver-
age bubble diameter found by Krishna et al.17 and Chilekar
et al.22 for a solid free gas–liquid system. The time-averaged
gas hold-up over the entire cross-section was also calculated
and plotted as a function of UG in Figure 14. A linear
increase of gas hold-up with the increase of UG was observed
at all Cs which agrees with the observation of the previous lit-
erature.15,17,28,32–34 However, the reduction of the average gas
hold-up with Cs was found to be less at higher Cs (Cs ¼ 0.10
and 0.36) as compared to that at Cs ¼ 0.05, which disagrees
with the previous literature.15,17,28,32,34 However, in all the
above mentioned previous studies, low-density solids and
larger column diameters (see Tables 1 and 2) were used.

Conclusions

The effects of Cs on the flow behavior in a SBC at
different UG were investigated experimentally using ultrafast
electron beam X-ray tomography as a noninvasive high-
resolution imaging modality. The radial gas hold-up and
approximate bubble size distribution as well as the flow
structure were extracted from tomographic images, which
were captured at 2500 fps for 4 s at different column
heights. The flow properties were studied at different UG

Figure 13. Calculated averaged bubble diameter
(dB,average) as a function of UG at H 5 300 mm.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Averaged gas hold-up as a function of UG at H 5 300 mm.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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(0.02 � UG � 0.05 m/s) and Cs (0 � Cs � 0.36). The key
conclusions of this work are the following:
• Ultrafast electron beam X-ray tomography is applicable

for the measurement of phase distribution in a three-phase
SBC and gives many new insights into the gas phase distri-
bution and its dynamics.
• As UG increases, transitions from homogeneous to het-

erogeneous and eventually churn-turbulent regime were
observed in gas–liquid flows. The effect of flow development
on approximate bubble size distribution is negligible at lower
UG (homogeneous bubble flow); however, at higher UG,
bubble size distribution becomes bimodal as the flow devel-
ops. The effect of flow development on the radial gas hold-
up was found to be insignificant.
• The cross-sectional gas hold-up was reduced with the

addition of solid particles because of the enhanced bubble
coalescence. But for high solids concentration large bubbles
start breaking-up and radial gas hold-up starts to increase.
• The approximate bubble size distribution in a SBC at

higher Cs ([ 0.01) was for the first time measured and found
to depend on UG and Cs.
• The average bubble diameter increases with UG and is

found to be in good agreement with the average bubble
diameter found by Krishna et al.17 and Chilekar et al.22 at
solid free gas–liquid system.
• A linear increase of gas hold-up with the increase of UG

was observed at all solid concentrations, which agrees with
the observations of the previous literature. However, the
reduction of the average gas hold-up with solid concentration
was found to be less at higher solid concentrations (Cs ¼
0.10 and 0.36) as compared to that at Cs ¼ 0.05, which
disagrees with findings from the previous literature.

The observed dual effect of the presence of solids on the
bubble size distribution and on the radial gas hold-up quali-
tatively justified the observation of Ruzicka et al.47 It shows
that lower viscosity stabilizes the uniform bubbly flow,
whereas higher viscosity destabilizes the bubbly flow. A fur-
ther systematic study with smaller increments of solids con-
centration may be helpful to determine the critical solid con-
centration for the bubble coalescence and breakup regime.
Moreover, this work was done in a smaller diameter column
where boundary effects are not negligible and slug flow can
develop. It will be also interesting to study the effect of
presence of solids in large diameter column, where liquid
circulation and turbulence are dominating, in the future.

Notation

Cs ¼ solids concentration
d ¼ diameter, mm

DT ¼ column diameter, mm
f ¼ frequency, Hz

H ¼ column height at which scan is positioned, mm
Re ¼ Reynolds number

t ¼ time, s
U ¼ superficial velocity, m/s
V ¼ volume of bubble, mm3

w ¼ Average velocity, m/s
x ¼ distance in horizontal direction, mm
y ¼ distance in vertical direction, mm

Greek letters

e ¼ gas hold up
q ¼ density, kg/m3

r ¼ surface tension, N m

Subscripts

B ¼ bubble
df ¼ dense phase
G ¼ gas phase
H ¼ hole
P ¼ solid particle
L ¼ liquid phase
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