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A B S T R A C T   

Bubbles and slugs coexist in a fluidized bed with strong inter-particle forces. However, the effects bubbles and 
slugs impose over fluidizing stability, and chemical reaction efficiency are different. The present work distin-
guished bubbles and slugs with the aid of X-ray tomography, and the evolution of their properties with varying 
inter-particle force in a fluidized bed were studied. The results show that the gas-holding capacity of the 
emulsion phase improves as inter-particle forces initially increase. In this process, the bubble frequency decreases 
noticeably, and the bubble size slightly increases. Bubbles rise slower than theoretically predicted because inter- 
particle force reduces the particle flow. The frequency and the size of slugs increase with inter-particle forces. As 
forces initially increases, the slug size increases with measurement height. An opposite trend is observed when 
inter-particle forces continues to strengthen. Near the gas distributor, the slug rising velocity is independent of 
size. In contrast, large slugs have a higher velocity than small slugs near the bed surface. Finally, three slugging 
patterns are distinguished, and the influence they impose on particle flow is analyzed.   

1. Introduction 

Gas-solid fluidization with inter-particle attractive forces (hereafter 
referred to as inter-particle force) is common in industrial processes (Lin 
et al., 2020). The inter-particle force attenuates the kinetic energy of 
particles upon collision (Wang et al., 2016), changing the fluidization 
dynamics, sometimes causing the fluidization process to fail (Zhou et al., 
2017; LaMarche et al., 2017). Therefore, it is necessary to obtain deeper 
insight into the relationship between fluidization dynamics and 
inter-particle force. 

As the inter-particle force initially increases, the emulsion phase is 
prone to maintaining a stable structure (Shabanian and Chaouki, 2017), 
causing the fluidization characteristics of Geldart group B particles to 
behave as group A (Seville and Clift, 1984; McLaughlin and Rhodes, 
2001; Wormsbecker and Pugsley, 2008). Extensive studies have been 
conducted, focused on minimum fluidization (Escudero and Heindel, 
2013; Makkawi and Wright, 2004), fluidization regime (Xu et al., 2014), 
and particle flows (Xu et al., 2015; Zhou et al., 2016; Boyce et al., 2017). 
When the inter-particle force further increases, particles may adhere 
together, forming agglomerates (Shabanian and Chaouki, 2016; Liu 

et al., 2017). If the force is strong enough to maintain a continuous 
growth of agglomerates, partial or total defluidization occurs (Gomez--
Hernandez et al., 2016; Bartels et al., 2008). 

Bubbles are typical in fluidized beds; they can reverse the agglom-
eration process by breaking the agglomerates via shear stress (Parveen 
et al., 2013; Weber et al., 2011). Bubbles also play an important role in 
particle mixing, heat, mass transfer, and the conversion of gaseous re-
actants (Kohler et al., 2020; van der Schaaf et al., 2002). Therefore, 
bubbling behaviors in a fluidized bed with inter-particle force have 
attracted attention. 

The effects of inter-particle force on the size, frequency and rising 
velocity of bubbles have been studied (Shabanian and Chaouki, 2015; 
Shabanian and Chaouki, 2016; Ma et al., 2016; Shabanian and Chaouki, 
2014). It was reported that the bubble size decreases as the inter-particle 
force initially increases, because the gas tends to pass through the gap 
between particles rather than allowing the formation of individual 
bubbles (Shabanian and Chaouki, 2015). As the force further increases, 
bubble sizes begin to increase because the force facilitates the coales-
cence of bubbles (Shabanian and Chaouki, 2016; Ma et al., 2016). Our 
previous work on bubble behaviors found that fluidization fails in a way 
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of alternation between normal fluidization and whole-bed slugging 
when the inter-particle force is strong enough by X-ray tomography (Ma 
et al., 2019a). Notably, the voids detected by X-ray tomography 
involved bubbles and slugs, individually affecting the fluidizing dy-
namics. Therefore, it is necessary to distinguish slugs from bubbles and 
investigate their respective behaviors with varying inter-particle force. 

The present work uses X-ray tomography to capture the “voids” in a 
bubbling column and distinguished them as bubbles and slugs. The ef-
fects of inter-particle force on the properties of bubbles and slugs at 
different measurement heights are discussed. Furthermore, the rela-
tionship between the rising velocity and the equivalent diameter of 
bubbles and slugs is analyzed. Finally, slugging patterns under strong 
inter-particle force are also provided. 

2. Experimental description 

2.1. Material preparation 

The inter-particle force was introduced by coating inert particles 
with a polymer layer where cohesiveness depends linearly on temper-
ature (Shabanian et al., 2013). The coating process was performed in a 
rotary drum. A mixed solution of Poly ethyl acrylate (PEA) and poly 
methyl methacrylate (PMMA) (commercial name, Eudragit NE30D). It 
was sprayed onto rolling particles. At the same time, a stream of 
high-temperature air was injected into the drum to evaporate the water 
in the coating solution, resulting in the solidified polymer layer. The 
coating solution was sprayed in several batches to keep the polymer 
layer the same thickness throughout. Between batches, sufficient time 
was provided for the liquid to evenly distribute over all particles. By 
adjusting the total volume of solution and the number of particles in the 
drum, the polymer layer thickness was controlled to about 10 μm. 
Furthermore, the polymer layer was very thin relative to particle 
diameter; thus, the influence of the polymer layer thickness on particle 
size can be neglected. Table 1 lists the properties of the bed materials. 

2.2. Experimental setup 

Fig. 1 shows a schematic of the experimental setup. The fluidized bed 
was made of Perspex with an inner diameter of 0.14 m and a height of 
1.6 m. Air was used as the fluidizing medium. The fluidization gas ve-
locity, Ug, was kept at 2.5Umf for all cases. The particle temperature 
changed from 25◦C to 45◦C by adjusting the temperature of the fluid-
izing medium. Bouffard et al. proposed equations to predict the inter- 
particle force between two coated particles and were used to estimate 
the inter-particle force in this work (Bouffard et al., 2012). As the 
temperature increased from 25◦C to 45◦C, the inter-particle force 
increased linearly from 2.5 to 6 times the particle gravity. Because 
prediction errors for these equations may be present, bed temperature 
was used to qualitatively represent the inter-particle force in the 
following figures. The influence of temperature on air properties was 
neglected because the experiment was performed near ambient tem-
perature, and the variance in air properties was too small to affect the 
fluidization dynamics. 

The “voids” in the bed (bubbles and slugs) were detected by a multi- 
source X-ray tomography system built at TU Delft. The measurement 

principle of X-ray tomography can be described by the Beer–Lambert 
law (Lau et al., 2018): 

I = I0e− μx (1)  

where I0 and I are the intensity of X-ray lines before and after passing 
through a slab of material with thickness x, µ is the attenuation coeffi-
cient that depends on the property of materials. X-ray tomography is 
commonly used to detect bubbles in fluidized beds (Lau et al., 2018; 
Maurer et al., 2015a; Maurer et al., 2015b). When scanning a fluidized 
bed with a fan beam of X-rays, the solid length that each X-ray line 
travels through can be calculated by measuring I and I0. In the present 
work, three X-ray sources were placed at 120◦ around the column. Each 
source generated a fan-beam X-ray whose intensity was measured by a 
detector array across the column. The output data of detectors was 
recorded for 1 minute at a sampling frequency of 2500 Hz. Detailed 
parameters of the system can be found in the reference (Ma et al., 
2019a). 

2.3. Data processing 

2.3.1. Calibration 
The purpose of the calibration was to build a functional relationship 

between the output of each detector and the solid length each X-ray line 
passes through. A seven-point calibration was performed to reduce the 
influences from beam hardening from the X-ray source tubes, (Mudde, 
2011). By scanning an empty bed, a full bed and a partially filled bed, we 
plotted a curve through the seven calibration points using the following 
equation based on the Beer–Lambert law: 

I = A + Bexp( − x/C) (2)  

where A, B and C are the calibration coefficients, x is the calculated solid 
length, and I is the detector output. Since the calibration coefficients 
largely depend on the nature of the source tubes and detectors, all 192 
detectors and three tubes had to be calibrated separately. Detailed in-
formation about the calibration process can be found in Ma et al., 
(2019). 

2.3.2. Reconstruction 
The bed cross section was then discretized by a grid of 50 × 50 pixels. 

The solid length set was converted to the void fraction in each pixel 
using an iterative reconstruction algorithm that combines the simulta-
neous algebraic reconstruction technique (SART) and modified one step 
late (OSL) method (Mudde, 2010). 

2.3.3. Binarization 
The void fraction appeared as gray levels; therefore, the recon-

structed image had to be binarized. The threshold value was determined 
using pipes of known dimensions. A cylindrical pipe with an internal 
diameter of 52 mm was inserted vertically in a packed bed. By adjusting 
the threshold values applied to the reconstructed gray-scale image, the 
optimal threshold value was determined if the binary image provided 
the best area reproduction of the pipe. From this, a threshold value of 
0.68 was gained for this work. The raw and the binary images are shown 
in Fig. 2. 

2.3.4. Stacking 
By stacking the binary images on top of each other for all consecutive 

points, quasi-3D versions of bubbles passing through the measurement 
plane were obtained, as shown in Fig. 3. The vertical axis is time (s), and 
the horizontal axis is the column dimension (mm). The minimum bubble 
size, that can be detected by the setup, is a diameter of about 2 cm, if this 
is the only bubble presenting in the cross-section at that time. If multiple 
bubbles are present, larger bubbles will cast a ‘shadow’ over smaller 
ones, making them difficult to detect (Brouwer et al., 2012). 

Fig. 4 shows the schematic for estimating the rising velocity of voids 

Table 1 
Property of bed materials.  

Item Value unit 

base particle glass beads - 
Diameter 600 μm 
Density 2500 kg/m3 

minimum fluidization velocity of uncoated particles, Umf 0.325 Nm/s 
polymer layer PEA/PMMA - 
layer thickness 10 μm  

J. Ma et al.                                                                                                                                                                                                                                       
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in the bed. It was estimated as the ratio of the distance between lower 
and upper planes to the time difference for the center of gravity of each 
void passing through both planes. Since the distance between two 
measurement planes in the bed center was 1.09 cm, the void rising ve-
locity Uv was calculated as Uv=0.0109/Δt. 

3. Results and discussions 

3.1. 3D version of reconstructed voids 

Fig. 5 illustrates the 3D temporal images of reconstructed voids 
passing through the cross-section at heights of 70 mm and 230 mm 
under different inter-particle forces. As indicated in Fig. 5(a), the voids 
in the vicinity of the gas distributor are sensitive to the inter-particle 
force. Under a mild force, most voids are small and inter-locked as 
multi-structured voids (Azizpour et al., 2012). The void frequency 

decreases, whereas the size increases with increasing inter-particle 
force. When the force is strong enough, the projection diameter of 
voids approaches to the bed diameter. At this time, the entire bed was 
pushed upward in a process called “whole-bed slugging”. The voids 
continued growing via coalescence with the elevation of measurement 
height at a given inter-particle force. Unexpectedly, this behavior is not 
observed for strong inter-particle force. The voids at 230 mm are not as 
large as those observed at lower planes (Fig. 5(b)). This phenomenon 
may be attributed to the disintegration of slugs before reaching elevated 
heights. Therefore, smaller voids were observed at higher heights. 

The voids captured by X-ray tomography include bubbles and slugs. 
Slugging is usually regarded as a consequence of continuous bubble 
growth, but the dynamics of bubbles and slugs and their influence on 
particle flow are different. Therefore, it is meaningful to distinguish 
bubbles and slugs and extract their respective properties. Fig. 6 shows a 
schematic for distinguishing bubbles and slugs. The first step is to 

Fig. 1. Schematic of experimental setup.  

Fig. 2. Reconstructed image of a cylindrical pipe inserted in a packed bed. (a) raw image; (b) binary image.  
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determine the smallest cube encompassing the void. Next, the average of 
length and width of the cube (x+y)/2 is compared with λD, where D is 
the column diameter and λ is the threshold coefficient. The void is 
identified as a slug when (x+y)/2 is larger than λD; otherwise, it is 
regarded as a bubble. 

The threshold coefficient λ is critical for distinguishing slugs from 
bubbles. We changed λ from 0.85 to 1 and plotted the number of iden-
tified slugs, shown in Fig. 7. As seen, the number of slugs changes around 
45 when λ increases from 0.85 to 0.99. Beyond 0.99, the number of slugs 
sharply drops to zero. Because the slug is the void occupying the cross- 

section of the column, we chose 0.99 as the threshold coefficient. The 
reason that the threshold coefficient ∕= 1 may be due to reconstruction 
errors and the difference between the discretized grids and the actual 
column. 

3.2. Properties of bubbles and slugs 

3.2.1. Cross-sectional hold-up 
Fig. 8 shows the cross-sectional hold-up of bubbles and slugs at 

different measurement heights and inter-particle forces. The 

Fig. 3. 3D version of bubbles obtained by stacking reconstructed images.  

Fig. 4. Determination of void rising velocity.  
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Fig. 5. 3D temporal images of reconstructed voids at different measurement heights and inter-particle force. (a) height: 70 mm, (b) height: 230 mm.  
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Fig. 6. Schematic for distinguishing bubbles and slugs from reconstructed voids.  

Fig. 7. Sensitivity of identified slugs to threshold coefficient  
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Fig. 8. Hold-up of bubbles and slugs at different measurement heights and inter-particle force.  
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measurement heights are 70 mm, 150 mm and 230 mm. Under a mild 
inter-particle force, the hold-up of bubbles increases with the mea-
surement height due to bubble growth. For the medium-cohesive case, 
the bubble hold-up decreases with the measurement height, implying 
that the bubbles have grown to a size similar to the bed dimensions, 
becoming slugs. When the force is strong enough, the bed was domi-
nated by whole-bed slugging. Thus, the bubble hold-up at 70 mm and 
150 mm is close to zero. At a given height, the bubble hold-up gradually 
decreases with increasing inter-particle force. 

The hold-up of slugs is close to zero for the case of mild inter-particle 
force because the bubbles dominated the bed. As the force increases, 
slugs appear, and their hold-up increases with the measurement height. 
When whole-bed slugging occurs at the strongest inter-particle force, the 
slugs rises from the distributor and ruptures in the rising process. 
Therefore, fewer slugs are detected at higher heights, and the slug hold- 
up decreases with measurement height. 

3.2.2. Frequency 
Fig. 9 plots the effects of inter-particle force on the frequency of 

bubbles and slugs detected at different heights. With the elevation of 
measurement height, the bubble frequency decreases whereas the slug 
frequency increases. This is because bubbles grow via coalescence with 
the rising process. At the same time, large bubbles are prone to trigger 
slugging. When the bed temperature increases from 25 ◦C to 30 ◦C, the 
bubble frequency at 150 mm and 230 mm decreases slightly and sharply 
at the height of 70 mm. The decrease indicates that the bubbles near the 
distributor are more sensitive to the inter-particle force. When the bed 
temperature exceeds 35 ◦C, the bubble frequency at all heights decreases 
sharply and converges around a similar value close to zero. As the inter- 
particle force increases, the slug frequency visibly increases while the 
differences among various heights gradually diminishes. When the inter- 
particle force is strong enough, the frequency of slugs is close to 1 Hz, 
and the bed is dominated by whole-bed slugging. 

3.2.3. Equivalent diameter 
Fig. 10 shows the variation in the equivalent diameter of bubbles and 

slugs with the inter-particle force and measurement height. The equiv-
alent diameter is the diameter of sphere with the same volume to the 
reconstructed bubble/slug. Only a slight increase in bubble diameter 
was observed as the inter-particle force increases. This occurrence in-
dicates that the growth of bubbles with the inter-particle force may be 
not attributable to bubble coalescence. As shown in Fig. 9, the bubble 
frequency decreases with the inter-particle force. It can be inferred that 
the excess gas passes through the interstitial gap between particles 
instead of presenting as bubbles. In other words, the bed has a higher 
capacity for holding gas in its emulsion phase. Similar results were also 
reported by Shabanian and Chaouki (2014). The diameter of slugs also 
increases slightly when the bed temperature ranges from 25 ◦C to 35 ◦C. 
Beyond 35 ◦C, the slug diameter at different heights shows different 
sensitivities to the inter-particle force. A sharp increase in slug diameter 
was observed at a 70 mm measurement height. The slug diameter at 230 
mm height shows little dependence on the inter-particle force. The 
appearance of whole-bed slugging is the main reason for this abnormal 
trend. The slugging starts at the gas distributor and passes by the mea-
surement planes sequentially without raining down any particles. These 
slugs may rupture in the rising process, resulting in less whole-bed 
slugging being detected at higher heights. Therefore, as the tempera-
ture increases beyond 35 ◦C, a sudden jump of slug diameter is observed 
at 70 mm height, whereas only a slight change is found at 230 mm 
height. Notably, the diameter of some slugs is larger than the column 
diameter (0.14 m), because the slugs are large in length, making their 
equivalent volume diameter larger than the column diameter. 

As discussed previously, the behaviors of bubbles and slugs near the 
distributor are sensitive to the inter-particle force. The size distributions 
of bubbles and slugs in the vicinity of the distributor under different 
inter-particle forces are plotted in Fig. 11. The size distribution was also 
fitted using a Gamma function because it gives the best fit for the case 
without inter-particle force (Rüdisüli et al., 2012a). As seen, the bubble 
size distribution moves to the right side as the inter-particle force 

Fig. 9. Frequency of bubbles and slugs at different measurement heights and inter-particle force.  
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increases (Fig. 11(a)). The distribution at 25 ◦C agrees with the Gamma 
fitting curve. As the inter-particle force increases, the distribution be-
comes narrower and deviates from the fitting curve. Similar trends were 
also observed for slugs as the temperature increases from 25 ◦C to 35 ◦C. 
The trends imply that the presence of inter-particle force leads to a 
uniform distribution of bubble and slug sizes. Under the strongest 
inter-particle force, the distribution of slug size becomes wide and 
agrees with the Gamma fitting curve. The bed presents an alternative 
status to whole-bed slugging and bubbling fluidization, allowing for the 
wide distribution. Therefore, the size of slugs varies over a wider range. 

3.2.4. Relationship between equivalent diameter and rising velocity 
Fig. 12 shows the rising velocity of bubbles and slugs as a function of 

their equivalent diameter. Fig. 12 also plots the results predicted with 
the equations from Davidson and Harrison for bubbles and slugs 
(Davidson and Harrison, 1963; Davidson and Harrison, 1971), as 
follows. 

Ub = Ug − Umf + 0.71
̅̅̅̅̅̅̅̅
gDb

√
(3)  

Us = Ug − Umf + 0.35
̅̅̅̅̅̅
gD

√
(4)  

where Ub and Us are the rising velocity of bubbles and slugs, Ug is the 
superficial gas velocity, Umf is the minimum fluidization velocity, g is the 
acceleration of gravity, Db is the equivalent diameter of bubbles, and D is 
the inner diameter of column. 

Qualitatively, the rising velocity of bubbles agrees with the theory: 
the bigger they are, the faster they rise. Quantitatively, the rising ve-
locity of most bubbles falls below their prediction values at a given size. 
On the one hand, Eq. (3) was developed for isolated bubbles free of the 
wall effect. The present work was performed in a small column in which 
bubbles rise along the column wall. The wall effect, therefore, reduces 
bubble rising velocities (Rüdisüli et al., 2012b). On the other hand, the 
bubbles rise via the displacement of particles sliding down the bubble 
walls to the bottom (Davidson and Harrison, 1971). The inter-particle 
force serves as internal friction acting between adjacent particles. The 

friction imposes a resistance to the flow of particles thus reducing the 
rising velocity of the bubbles. 

Near the gas distributor (Fig. 12(b)), the frequency and size of slugs 
increase with the inter-particle forces because the inter-particle force 
facilitates the coalescence of bubbles, which easily triggers slugging. 
Generally, the rising velocity of slugs is independent of their size, which 
is consistent with the theory. The slugs are involved in whole-bed 
slugging, which pushes the entire bed upwards. The rising slugs must 
overcome the friction and cohesive force between the particles and the 
column wall to continue to rise. Such an effect was not considered in 
theory because whole-bed slugging does not exist in fluidization without 
inter-particle force. Therefore, the predicted rising velocity is larger than 
the measured values. With the increase of the measurement height, the 
slug rising velocity increases and shows a dependence on their size, 
especially at the bed surface (Fig. 12(f)). Higher rising velocity was 
observed for larger slugs. This is analogous to the behavior of bubbles 
rather than slugs. The abnormal behavior is attributed to various slug-
ging patterns arising at different measurement heights and inter-particle 
force. 

3.3. Slugging pattern 

Three types of “slug flow” arises with an increase in the inter-particle 
force, name type A-C, as represented in Fig. 13. Type A: The slugs come 
from the bubbles with dimensions approaching the column diameter. 
Particles rain down on either side of the slug allowing its upward mo-
tion. This type of slug flow is likely to occur in a fluidized bed operating 
with a high gas velocity. The rising velocity of type A slug flows is higher 
than the other two types. Type B: As the slug grows and occupies the 
entire cross-section, the bed presents a successive dense and dilute re-
gion. The gas passes through the dense particulate region, and the par-
ticles rain down uniformly. This type is common in small columns where 
bubbles are large relative to the bed diameter. Since the presence of 
inter-particle force enlarges the bubbles in the bed, type B is also com-
mon in the present work. The rising of the slugs must overcome the 
friction between the particles and the bed wall, as the wall effect 

Fig. 10. Equivalent diameter of bubbles and slugs as a function of inter-particle force.  
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Fig. 11. Effects of inter-particle force on size distribution of bubbles and slugs in the vicinity of gas distributor.  
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Fig. 12. Relationship between rising velocity and equivalent diameter of bubbles and slugs. Bubbles: (a) 70 mm, (c) 150 mm, (e) 230 mm. Slugs: (b) 70 mm, (d) 150 
mm, (f) 230 mm. 
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controls the slug motion. Therefore, this slug flow’s rising velocity is 
lower than type A. Type C: When the inter-particle force is strong 
enough, the slug grows by capturing other free particles. Finally, the 
entire bed rises. The bed structure is so compact that few gases can 
percolate through the particulate phase. The friction and cohesive force 
between the column wall and the entire bed imposes a strong resistance 
for slug rising. Therefore, the rising velocity of type C slug flow is the 
lowest of the three types. Type C is a unique characteristic for a bed with 
a strong inter-particle force. 

Recalling Fig. 12, most slugs detected at 230 mm belong to type A or 
B, as they are large and rise fast. The slug flow of type C ends with the 
rupture of particle slug during rising, and is challenging to detect at 
higher heights. Therefore, the slugs of type C detected near the bed 
surface are small and rise slowly. All of these slugging patterns present 
near the bed surface, therefore the slug rising velocity is found to vary 
with slug size. 

4. Concluding remarks 

This work employed X-ray tomography to capture the “voids” in a 
bubbling column with inter-particle forces, and distinguished them as 
bubbles and slugs. The properties of bubbles and slugs were extracted, 
including the cross-sectional hold-up, frequency, average equivalent 
diameter, and size distribution. Void dependence on measurement 
heights and inter-particle force were also analyzed. The following con-
clusions may be drawn from the experimental results:  

(1) Bubbles: The gas-holding capacity of the emulsion phase is 
enhanced when the inter-particle force increases to a certain 
extent. This leads to a decline in bubble frequency and a gentle 
increase in bubble diameter. At the same time, bubble size dis-
tribution becomes narrower. Bubbles rise slower than what is 
theoretically predicted due to the wall effect and resistance from 
inter-particle force.  

(2) Slugs: The frequency and diameter of slugs increase with inter- 
particle force. Under a mild force, the slug diameter increases 
with the measurement height due to large bubbles that induce 

slugging. When the inter-particle force is strong enough, the slug 
diameter decreases with the measurement height because the 
slugs in whole-bed slugging may rupture in the rising process. 
Near the gas distributor, the slug rising velocities are independent 
of their sizes. By contrast, a higher velocity is seen for large-sized 
slugs due to different slugging patterns near the bed surface.  

(3) Slugging pattern: Three types of slug flow arise with an increase 
in the inter-particle force. The slug flows of Type A come from 
large bubbles, allowing the raining down of particles from the 
side. Type B presents a successive dense and dilute region where 
the wall effect controls the slug motion. Type C is the whole-bed 
slugging in which the entire bed rises. Both type B and C can be 
regarded as breakdown of fluidization. 
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