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A comprehensive quantitative study on the effect of liquid viscosity (I < <1149 mPa-s) on the local flow phenomena
of the gas phase in a small diameter bubble column is performed using ultrafast electron beam X-ray tomography. The
internal dynamic flow structure and the bubble size distribution shows a dual role of the liquid viscosity on the hydrody-
namics. Further, the effect of solid concentration (Cy = 0.05, 0.20) on the local flow behavior of the gas phase is studied
for the pseudo slurry viscosities similar to the liquid viscosities of the gas—liquid systems. The effects of liquid and
pseudo slurry viscosities on flow structure, bubble size distribution, and gas phase distribution are compared. The bub-
ble coalescence is significantly enhanced with the addition of particles as compared to the system without particles for
apparently same viscosity. The superficial gas velocity at which transition from homogeneous bubbly to slug flow regime
occurs is initiated by the addition of particles as compared to the particle free system for apparently same viscosity. ©
2014 American Institute of Chemical Engineers AIChE J, 60: 3079-3090, 2014
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Introduction

Slurry bubble column (SBC) reactors have been studied
extensively over the past few decades and many articles
have already been published on various aspects like frac-
tional gas holdup, axial solid velocity, and bubble size distri-
bution. A review on the existing correlations for the
prediction of the gas holdup in SBC reactors can be found in
our earlier publications.l’2 The main influence of the solid
concentration in a SBC reactor lies in an increase of the
pseudo slurry viscosity of the slurry phase, which suppresses
the bubble breakup in the column and attributes to the for-
mation of large and fast moving bubbles, thus, decreases the
gas holdup.>™ The properties of the liquid—solid suspension
can be influenced by size, concentration, and wettability of
the particles, as well as by the superficial gas velocity; which
in turn increases the shear rate in the liquid and interaction
between solid and liquid phase. The suspension behavior of
the solid particles in a stationary liquid in terms of the
pseudo slurry viscosity was first addressed theoretically by
Einstein® (us / p =1+ 2.50,) for small isolated spheres.
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Since then, various correlations on the pseudo slurry viscos-
ity were developed for a wider range of solid concentra-
tions.” "' However, these correlations do not account the
effects of particle size, particle shape, particle density, wett-
ability, and superficial gas velocity (Figure 1). In numerical
investigations,'>~'® the slurry phase was modeled as a simple
single pseudo homogeneous phase, assuming a uniform sus-
pension of the solids in the liquid phase. The assumption of
a pseudo homogeneous phase may probably be reasonable
for small particles where the particle Reynolds number, Rep,
is below 0.3 and Stokes’ law assumption is still valid. How-
ever, for larger particles Rep>0.3, the effect of the solid
phase on the liquid cannot be neglected.

Much research has been devoted to the effect of liquid
properties on the gas holdup”_28 over the last decades. The
present state of the art of correlations®® predicting the gas
holdup in air-water + glycerol systems at Ug =0.05 m/s is
summarized in Figure 2. Except for Sotelo et al., a reduc-
tion of the gas holdup with increasing liquid viscosity was
observed.?>2® Apart from the available correlations, there
are some controversial reports on the effect of the liquid vis-
cosity on the gas holdup.'”*? An increase of gas holdup
was found at low liquid viscosity p <3—4 mPa-s, a decrease
at moderate viscosity u = 3-11 mPa-s and roughly constant
gas holdup at a higher Viscosity.30 With increasing liquid
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Figure 1. Comparison of the existing correlations for
pseudo slurry viscosity as a function of solid
concentration.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

viscosity, the bubble rise velocity reduces due to the large
drag force causing an increase in the gas holdup. Conversely,
due to the decrease in the rise velocity, the tendency of bubble
interactions with each other increases leading to forced coa-
lescence. The increasing coalescence results in large bubbles,
which again increases the bubble rise velocity and decreases
the gas holdup in the system. Combining these two effects, the
liquid viscosity plays a dual role for the gas holdup.”>**** On
the contrary, Shollenberger et al.** and Chen et al.> observed
a continuous decrease of the gas holdup with increasing liquid
viscosity even at a liquid viscosity of 31 mPa-s.

Similarly, the effect of the addition of solid particles on
the gas holdup in a bubble column is in ambiguity. The gas
holdup decreases with increasing solid concentration due to
the increase of the pseudo slurry viscosity of the slurry
phase, which is believed to enhance the bubble coales-
cence. >3350 In our recent articles,'? the “dual effect” of
the influence of the particle concentration on the gas holdup
at different superficial gas velocities in an SBC was quantita-
tively studied. An increase in the gas holdup was found for
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Figure 2. Comparison of the existing correlations for
the gas holdup as a function of liquid viscos-
ity (u) for air-water+glycerol systems at
Ug =0.05 m/s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Table 1. Viscosities Considered in this Work

Air—Water + Glycerol Air—Water + Glass Particles

Glycerol Water Viscosity Particle Viscosity (i)

(vol %) (vol %) () (mPa-s) Concentration (mPa-s)
(wt %)

50 100 150

(pm) (um) (um)
0 100 1 0 1 1 1
8 92 1.33 5 1.29 1.29 1.29
20 80 2.15 20 1.90 1.90 1.90
30 70 393
38 62 5.18 - -
50 50 8.95 - -
60 40 15.8 - -
70 30 35.71 - -
100 0 1149 - -

solid concentration up to 0.03. As solid concentration
(>0.03) further increases, the pseudo slurry viscosity
increases and a reduction in the gas holdup was observed.
Furthermore, at higher solid concentration (>0.1), the effect
of the solid concentration on the gas holdup was found to be
negligible.

The influences of increasing solid concentration in SBCs
and of increasing liquid viscosity in bubble columns are quali-
tatively similar.”~> However, the qualitative similarity between
the systems was found only based on the average gas holdup,
which does not signify the local distribution of the gas phase
and the mixing inside the column.* No attempt was yet made
to compare quantitatively the effect of liquid viscosity in two-
phase (gas—liquid) systems and pseudo slurry viscosity in
three-phase (gas—liquid—particles) systems on the hydrody-
namics under similar operating conditions. Thus, this study is

Figure 3. Snapshot of the in-house developed ultrafast
electron beam X-ray tomography along with
slug flow at Ug=0.034 m/s and y =1149
mPa-s (100% glycerol).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. 3-D virtual projection of the gas flow struc-
ture at L/D=8.5 for 1<y <1149 mPa-s at
Ug = (a) 0.02, (b) 0.034, and (c) 0.05 m/s.

designed to investigate and quantify the effect of liquid viscos-
ity and pseudo slurry viscosity on the local flow phenomena of
the gas phase. The radial gas holdup and the approximate bub-
ble size distribution, which describes the gas phase distribu-
tion and interfacial area in the bubble columns, were
investigated. To look inside particle-laden as well as highly
viscous opaque systems at high superficial gas velocity, an
“ultrafast electron beam X-ray tomography” imaging tech-
nique was used in this work.

Experimental Setup and Ultrafast Electron Beam
X-ray Tomography

The experimental setup consists of a cylindrical column of
70 mm inner diameter and 1500 mm height. The gas was dis-
tributed through an orifice sparger with 95 holes of 1 mm
diameter. The details of the experimental setup are explained
by Rabha et al." The pseudo slurry viscosity of the slurry sys-
tem (water + glass particles) was considered from the average
of the predictions calculated from all available correlations’ !
as shown in Figure 1. The considered diameters of the glass
particles were 50, 100, and 150 um. The viscosities of the
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liquid mixture (water + glycerol) compositions considered in
this work are summarized in Table 1. Two compositions of
viscous liquids (water + glycerol) were adjusted to be close to
the pseudo slurry viscosities of the slurry phase as indicated in
Table 1 (highlighted). The superficial gas velocities consid-
ered in this work were 0.02, 0.034, 0.05, 0.07 m/s to cover
homogeneous bubbly flow regime and slug flow regime.

The in-house developed ultrafast electron beam X-ray
tomography setup‘“’42 was used to visualize stacks of cross-
sectional images of the flow structure inside the SBC. The
details of the experimental tomographic technique and the
applied image reconstruction procedure are explained in pre-
vious publications.*** A snapshot of the ultrafast electron
beam X-ray tomography operating at pp = 1149 mPa-s
(100% glycerol) and Ug = 0.034 m/s is shown in Figure 3.
For this experimental work, a temporal resolution of 2000
frames per second for 5 s of measurement was used. The
measured scan heights considered in this work were 300,
600, and 950 mm (corresponding to length-to-diameter
ratios, L/D =4.2, 8.5, and 13.57). The reconstructed tomo-
graphic data were arranged as a three-dimensional (3-D)
voxel with a cross-sectional size of 150 X 150 pixels and a
length according to the number of cross-sectional images
(10,000 frames). The voxels (image volume elements) of the
matrix contain the attenuation of the X-ray due the material
distribution in the respective scanning plane. First, the data
were binarized by introducing a threshold and the voxels
were labeled according to the phase they contain. Voxels
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Figure 5. Approximate bubble size distribution at differ-
ent axial positions L/D =4.2, 8.57, and 13.57
and Ug=0.034 m/s for (a) x =1.33 mPa-s
and (b) g =5.18 mPa-s.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. Approximate bubble size distribution for 1 < y; <1149 mPa-s at Ug = (a) 0.02, (b) 0.034, and (c) 0.05 m/s (L/D = 8.5).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

outside the circular column cross-section were masked out.
For this work, a threshold has been selected based on a
phantom analysis as 0.47 of the maximum gray value.

The radial gas holdup profile was calculated by averaging
the local instantaneous gas fractions over 20 ring-shape
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domains from the binarized data of 10,000 tomographic
images. The approximate bubble size distribution was calcu-
lated from 10,000 tomographic images using the algorithm
developed by Prasser et al.***** The estimation of bubble size
distribution was based on an assumption of constant average
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Figure 7. Average bubble diameter as a function of lig-
uid viscosity (1 < g <15.8 mPa-s) at Ug = 0.02,
0.034, and 0.05 m/s (L/D = 8.5).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

gas velocity (wg = Ug/e). This approximation might not be
correct for bubbly flows in large diameter column with pro-
nounced liquid recirculation pattern. However, for smaller col-
umn (D <0.20 m), where liquid circulation is negligible, this
assumption is an appropriate approximation.

Results and Discussion
Effect of liquid viscosity

3-D Virtual Projection of the Gas Flow Structure. The
evolving 3-D gas phase flow structures of the gas-liquid two-
phase system were visualized from a stack of reconstructed
cross-sectional tomographic images. The vertical coordinate
of these virtual projections is the time. The virtual 3-D pro-
jections of the gas phase flow structure at different liquid
viscosities yp =1, 2.15, 5.18, 8.75, 35.71, and 1149 mPa-s
for Ug =0.02, 0.034, and 0.05 m/s at L/D = 8.5 are shown
in Figures 4a—c, respectively.

At Ug=0.02 m/s, the homogeneous bubbly flow exists
until g, = 8.95 mPa-s (50% glycerol) as shown in Figure 4a.
At higher viscosity, big bubbles were formed due to the bub-
ble coalescence caused by the reduction of bubble rise veloc-
ity. At p=1149 mPa-s (100% glycerol), big bubbles
almost equal to the column diameter were observed. At
higher gas superficial velocity, with increasing liquid viscos-
ity, less bubbles coalescence was observed as compared to
u =1 mPa-s (air—water) and homogeneous bubbly flow
structure was observed up to g =5.18 mPa-s as shown in
Figures 4b,c. Furthermore, at p; >8.95 mPa-s (50% glyc-
erol), the population of big bubbles was found to increase
due to the reduced bubble rise velocity and finally slug flow
at . = 1149 mPa-s (100% glycerol) was observed as shown
in Figures 4b,c. The slug flow at p = 1149 mPa-s and
Us =0.05 m/s is photographically confirmed in Figure 3.
The bubble slug diameter was found to increase with the
superficial gas velocity. The indication of the prevailing flow
regime is later explained in the last section of result and dis-
cussion. However, the 3-D virtual projections already give a
good indication of the prevailing flow regimes.

Approximate Bubble Size Distribution. The approximate
bubble size distributions at different axial positions (4.2 <L/
D < 13.57) for liquid viscosities of y; = 1.33 and 5.18 mPa-s
at a superficial gas velocity of Ug = 0.034 m/s are shown in
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Figures 5a,b, respectively. The approximate bubble size dis-
tributions at different viscosities (1 <y <1149 mPa-s) for
Us =0.02, 0.034, 0.05 m/s at L/D = 8.4 are shown in Fig-
ures 6a—c, respectively.

The axial position has negligible effect on the bubble size
distribution at low liquid viscosity (y; = 1.33 mPa-s) as shown
in Figure 5a. As the liquid viscosity increases, the effect of the
axial position on the bubble size distribution increases and
bimodal distribution was observed at higher axial positions indi-
cating bubble coalescence as shown in Figure 5b. However, the
difference reduces subsequently at axial position L/D = 8.5.
Thus, henceforth in the following sections, all the results are
discussed at axial position L/D =8.5. At Ug = 0.02 m/s, with
increasing viscosity, the bubble size distribution was narrow
and shifts slightly toward smaller bubble diameter up to a vis-
cosity pp = 8.95 mPa-s as shown in Figure 6a. With further
increase of the viscosity, the bubbles start to coalesce due to the
large drag, which reduces the bubble rise velocity. The forma-
tion of the big bubbles with diameter of 35 mm was observed at
u = 1149 mPa-s (100% glycerol). Similarly, at Ug = 0.034
and 0.05 m/s, initially with increasing liquid viscosity, the bub-
ble size distribution becomes narrow up to a liquid viscosity of
U =5.18 mPa-s. At u; >5.18 mPa-s, the population of the
large bubbles increases, which was indicated by the shift of the
bubble size distribution towards large bubble diameters as
shown in Figures 6b,c. At pure glycerol (1, = 1149 mPa-s), big
bubble formation was observed and the diameter of the bubbles
increased with superficial gas velocity (dg =40-45 mm at
Ug = 0.034 m/s; dg = 50-55 mm at Ug = 0.05 m/s). The aver-
age bubble diameter was calculated from the bubble size distri-
bution as follows:

(2 4
— \Adg) °
(o)

7 \Adp

The average bubble diameter as a function of y; for
Ug =0.02, 0.034, and 0.05 m/s is shown in Figure 7. Initially,
a decrease of the average bubble diameter was observed which
later starts to increase with increasing viscosity iy, for all the

three velocities. Here, a significant increase of the average
bubble diameter with gas superficial velocity was observed.

)]

dB average —

Gas Holdup. The radial gas holdup profiles which repre-
sent the cross-sectional gas phase distribution, are described as
a function of the liquid viscosity (1 <pp <15.8 mPa-s) at
Ug = 0.02, 0.034, and 0.05 m/s in Figures 8a—c, respectively.
The corresponding time-averaged gas holdup calculated at
Us=0.02, 0.034, and 0.05 m/s for 1 <y <15.87 mPa-s is
shown in Figure 9.

At Ug = 0.02 m/s, a rather flat radial gas holdup profile was
observed for y; = 1-15.8 mPa-s. Due to the decrease of the bub-
ble size as reported in the earlier section, an increase of the radial
gas holdup profile was observed at lower liquid viscosities of
ur = 1.33 and 2.15 mPa-s. With further increase of the liquid
viscosity, the radial gas holdup profile was found to decrease
slightly as compared to the air—water system (¢, =1 mPa-s). As
Ug increase to 0.034 m/s, the radial gas holdup profile becomes
steeper indicating the formation of large bubbles. With the
increase of the liquid viscosity, the radial gas holdup profile
deviates from that of the air—water system toward lower values.
Similar observation was found at Ug = 0.05 m/s, however, the
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Figure 8. Radial gas holdup profile for 1 < g <15.8 mPa-s at Ug = (a) 0.02, (b) 0.034, and (c) 0.05 m/s (L/D = 8.5).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

steepness of the radial profiles increased with an increase of the
superficial gas velocity as shown in Figure 8c. Again, an
increase in the radial gas holdup profiles at high viscous liquid
(. = 35.7 mPa-s) was observed due to the formation of large
bubbles at all three gas velocities. Figure 9 shows that the time-
averaged cross-sectional gas holdup (¢) increases gradually with
the increase of Ug for all u. However, the effect of . on the
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time-averaged cross-sectional gas holdup was not significant as
compared to that of Ug agreeing with the literature.*"***+2°

Comparison of viscous and pseudo viscous systems

3-D Virtual Projection of the Gas Flow Structure. The
effects of liquid viscosity (up = 1.33 mPa-s) and pseudo
slurry viscosity (ug. = 1.29 mPa-s) on the gas phase flow

August 2014 Vol. 60, No. 8 AIChE Journal
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Figure 9. Time-averaged cross-sectional gas holdup as
a function of liquid viscosity for 0.02 < Ug <
0.05 m/s (L/D =8.5).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

structure are visualized at Ug=0.02, 0.034, 0.05 m/s,
respectively, in Figures 10a—c. Figure 10 also shows the gas
flow structures resulting from the addition of particles with
different size (50 <dp < 150 um) for same pseudo slurry vis-
cosities (us. = 1.29 mPa-s). Figure 11 shows a comparison
of the gas flows structure for gy =2.15 and pg = 1.9 mPa-s
at Ug = 0.034 m/s.

From Figures 10 and 11, it is evident that the gas flow
structure in the presence of solid particles is significantly dif-
ferent from that without solid particles although the viscos-
ities were almost same. In the presence of particles, the
formation of bubbles due to bubble coalescence was
observed even at low superficial gas velocity of
Ug = 0.02 m/s unlike homogeneous bubbly flow in the gas—
liquid system for approximately same viscosity. It was also

G/L

GIL/S

7
\d‘.al.ﬁL-—
100um 150pum
o= 1.33 HsL = 1.29 o= 1.33
mPa-s mPa-s mPa-s

(@) Uz =0.02 m/s

(b) Us = 0.034 m/s

150 pm

100 uym
u[_ =2.15 ‘JSL =190
mPa-s mPa-s

Figure 11. 3-D virtual projection of the gas flow struc-
ture for . =1.9 and pug =2.15 mPa-s at
Ug =0.034 m/s and L/D = 8.5.

observed that the bubble coalescence increases with increas-
ing superficial gas velocity and particle size as shown in Fig-
ure 10.

GILIS

100pm 150 pm 100 pm 150 pm

HsL = 1.29 L= 1.33 PsL = 1.29
mPa-s mPa-s mPa-s

(c) Uz =0.05m/s

Figure 10. 3-D virtual projection of the gas flow structure for g =1.33 and ug_ =1.29 mPa-s at Ug = (a) 0.02, (b)

0.034, and (c) 0.05 m/s (L/D = 8.5).
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[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

Approximate Bubble Size Distribution. For quantitative
comparison between the effects of liquid and pseudo slurry
viscosity, approximate bubble size distributions were calcu-
lated and compared for Ug = 0.02, 0.034, and 0.05 m/s in Fig-
ures 12a—c, respectively. For y; = 1.33 mPa-s, homogeneous
bubble size distribution with a peak local gas holdup at
dg =5 mm was observed at all the three gas superficial veloc-
ities Ug =0.02, 0.034, and 0.05 m/s. On the contrary, at
s, = 1.29 mPa-s with dp = 100 um, bubble size distributions
with peak local gas holdups were observed at dg = 22.8, 22.8,
and 40 mm for Ug = 0.02, 0.034, and 0.05 m/s, respectively.
However, with dp =150 pum for the same pseudo slurry vis-
cosity ug, = 1.29 mPa-s, the peak local gas holdups were
found at bubble diameter dg = 30.3, 30.3, and 45 mm for
Us=0.02, 0.034, and 0.05 m/s, respectively. The approxi-
mate bubble size distributions clearly indicate an enhanced
effect of particles on bubble coalescence as compare to parti-
cle free systems although the viscosities were almost same.

Gas Holdup. The comparison of the radial gas holdup
profiles for =133 mPa-s and pg =1.29 mPa-s and
Ut =2.15 mPa-s and pg = 1.9 mPa-s at 0.02 <Ug <0.05 m/
s are shown in Figures 13a,b, respectively.

At Us =0.02 m/s, the difference between the radial gas
holdup profiles for both . =1.33 mPa-s and pg =1.29
mPa-s was not significant. However, with the increase of the
superficial gas velocity, the difference between the radial gas
holdup profiles for p =1.33 mPa-s and pg = 1.29 mPa-s
was increased. The radial gas holdup in the presence of par-
ticles (ug. = 1.29 mPa-s) shows higher values compared to
that without particles (g = 1.33 mPa-s). The possible reason
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Figure 13. Radial gas holdup profile at 0.02<Ug<0.05 m/s for (a) g =1.33 mPa-s and pug =1.29 mPa-s, (b)

m.=2.15 mPa-s and ug = 1.99 mPa-s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 14. (a) Spatial averaged gray values as a function of time (10,000 images) for 1<y <1149 mPa-s at
Ug =0.02 m/s and L/D =8.5, (b) Standard deviation of the gray value variation over 5 s (10,000 images)
for 1 <y <1149 mPa-s at 0.02 <Ug <0.05 m/s and L/D = 8.5.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

is that the particles promote the bubble coalescence, which
causes bubbles to grow until individual bubbles occupy the
entire column cross-section indicating slug flow at present
experimental condition (D =70 mm).

However, with the increasing liquid and pseudo slurry vis-
cosity (up = 2.15 mPa-s and pg = 1.9 mPa-s), the difference
between the radial gas holdup profiles without and with solid
particles was reduced indicating bubble breakup in pseudo
viscous systems with increasing solid concentration as
explained in our earlier publications.l’2

Flow Regime Comparison. To quantify the prevailing
regime more accurately in both viscous (gas—liquid) and
pseudo viscous (gas—slurry) systems, further analysis was
done for all reconstructed tomographic images based on their
gray values without using threshold. Figure 14a shows the
spatial averaged gray values at the axial position L/D = 8.5
for 5 s (10,000 images) at Ug = 0.02 m/s.

At pp <5.18 mPa-s, the fluctuations of the gray values
were not significant indicating the absence of big bubbles.
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However, with increasing liquid viscosity (5.18 <y <15.81
mPa-s), few peaks toward the lower gray values were
observed which can be correlated with the bubble coales-
cence and formation of big bubbles. At higher py =35.71
and 1149 mPa-s, the fluctuations of the gray values signifi-
cantly increase and large number of peaks were observed
toward the lower gray values indicating the presence of big
bubbles as shown in Figure 14a.

Furthermore, the standard deviation (o) of the gray values
at the cross-section for gas—liquid flows at liquid viscosities
1< <1149 mPa-s) were calculated for
0.02<Us<0.05 m/s and are shown in Figure 14b. At
Ug = 0.02 m/s, the standard deviation (¢) was almost con-
stant till g = 8.51 mPa-s, indicating that the variation of the
gray values was less which can be interpreted as homogene-
ous bubbly flow regime. The initial sudden decrease of the
standard deviation (¢) at Ug=0.035 and 0.05 m/s with
increasing the liquid viscosity from 1 to 1.33 mPa-s, con-
firmed the decrease of bubble size due to the decrease of the
surface tension of the liquid. Nonetheless, with further
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Figure 15. Influence of the superficial gas velocity on the gas holdup and flow regime transition in both viscous

and pseudo viscous system.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

increase of the liquid viscosity, the rise velocity of the bub-
bles reduces causing the bubble coalescence, which can be
shown by the increase of the standard deviation. Finally, at
u=35.71 and 1149 mPa-s, where slug flow was observed
in Figure 4 at 0.02<Ug<0.05 m/s, high values of the
standard deviation (6 ~ 17-43) were observed.

From Figure 14b, it can be concluded that, the critical lig-
uid viscosity at which transition occurs from homogeneous
to slug flow regime depends on the superficial gas velocity.
At Ug=0.02 m/s, the regime transition was found in the
range of liquid viscosity yup = 8.95-35.71 mPa-s. Conversely,
at higher superficial gas velocities Ug = 0.034 and 0.05 m/s,
the regime transition was found between liquid viscosity
ur = 3.93-35.71 mPa-s.

Using the same approach, the transition of the flow
regimes from homogeneous bubbly flow to slug flow was
also identified approximately for pseudo viscous systems.
Figure 15 shows the comparison of the average gas holdup
(¢) as a function of the superficial gas velocity for both the
viscous and the pseudo viscous system at similar viscosities.
The approximated regime transition points along with the
snapshots of gas flow structure at Ug = 0.034 and 0.07 m/s
in both viscous and pseudo viscous systems are embedded in
Figure 15.

Similar to the radial gas holdup profile, the average gas
holdup in the presence of particles was higher than that with-
out particles at all superficial gas velocities except at
Us=0.07 m/s. At Us=0.07 m/s, the average gas holdup
was high for y; = 1.33 mPa-s due to the formation of large
bubbles. From Figures 10 and 14, homogeneous bubbly and
slug flow regime can be identified at present experimental
conditions following the flow regime map of Shah et al.** for
narrow columns. In the gas-liquid system (y = 1.33 mPa-s),
the homogeneous bubbly flow regime exists up to
Us=0.05 m/s, whereupon the transition to the slug flow
regimes occurs. Conversely, in the pseudo viscous system
(us. = 1.29 mPa-s), big bubbles were already observed at low
superficial gas velocities (Ug =0.02 m/s) displaying a pro-
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nounced slug flow regime with particles at Ug = 0.034 m/s as
shown in Figures 10 and 11. It can be concluded that the tran-
sition point shifted clearly toward lower superficial gas veloc-
ity with the addition of particles as compared to systems
without particles for the same viscosity.

Conclusions

This work is an attempt to quantify the effect of the liquid
viscosity (1 <y <1149 mPa-s) on the hydrodynamic flow
parameters in gas—liquid system. Furthermore, a comparison
has been made between the effects of liquid viscosity
(up=1.33, 2.15 mPa-s) and pseudo slurry viscosity
(us. = 1.29 and 1.9 mPa-s) on the hydrodynamic parameters
at approximately same viscosities and operation conditions.
The in-house developed ultrafast electron beam X-ray
tomography was used to visualize the dynamic flow struc-
tures and to measure the gas holdup and bubble size distribu-
tions in both viscous and pseudo viscous systems. From this
work, the following conclusions are made.

e The average gas holdup is negligibly affected by liquid
viscosity as compared to the pronounced effect of the super-
ficial gas velocity in gas—liquid systems.

e The dual role of the liquid viscosity on the hydrody-
namics of gas—liquid flows is proved with the help of bubble
size and internal gas flow structure.

e The critical liquid viscosity at which transition occurs
from homogeneous to slug flow regime in viscous system
depends significantly on the superficial gas velocity.

e Bubble coalescence is significantly enhanced with addi-
tion of particles as compared to that without particles at
approximately same viscosities and operation conditions.

e An early transition from homogeneous to slug flow
regime is initiated in presence of particles as compare to par-
ticle free system.

This work shows clearly the difference in the flow behav-
ior of gas—liquid and gas—slurry (liquid + particles) systems
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at same liquid and pseudo slurry viscosity, respectively. The
outcome of this work clearly shows uncertainties on the
application of the two-phase approach (gas phase and slurry
phase) based on the pseudo slurry viscosity for the prediction
of the hydrodynamics in SBCs, which was applied in many
cases in the literature.*'

Notation

C, = particle concentration

d = diameter, mm

D = column diameter, mm

L = column height at which scan is positioned, mm
Re = Reynolds number

t = time, s

U = superficial velocity, m/s

w = average velocity, m/s

Greek letters

&= gas holdup

p = density, kg m
1= viscosity, mPa-s
o = standard deviation

3

subscripts
B = bubble
G = gas
P = particle
L = liquid

SL = pseudo slurry
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