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Abstract. The knowledge regarding the relative effect between the orifice size of gas 
sparger and solid particle properties on gas–liquid mass transfer have not yet been 
concerned. In this work, the effect of sparger orifice sizes, solid particle shapes and 
their loading amounts in a bubble column reactor for the absorption of oxygen in tap 
water were investigated. Their influences on the mass transfer coefficient and bubble 
hydrodynamic parameters were determined. The results showed that the addition of 
solid particles could have both positive and negative effects on the hydrodynamic and 
mass transfer depending on the orifice size of gas sparger. The negative effect was 
observed when the small orifice sparger (median diameter 0.15 mm) was used whilst 
the positive effect was obtained when the large orifice sparger (median diameter 0.75 
mm) was applied. Different types and shapes of solid particles were tested. The ring-

shaped particle was the optimal one providing the highest specific interfacial area and 
overall volumetric mass transfer coefficient as bubbles spent more time in the column 
resulting in longer contact time for the gas transfer. The introduction of solid particles 
can be suitable to improve the mass transfer performance in a bubble column without 

spending highly additional power consumption.   
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Mass transfer 
  



 

1. INTRODUCTION 

Gas absorption is a process of gas transfer into a liquid through the gas-liquid interface. This 
operation can be applied in many processes, for example, oxygenation in aerobic wastewater treatment 
or carbon dioxide absorption for biogas purification. Generally, a bubble column reactor is used for 
the gas absorption because of its advantages of low operating and maintenance costs, compactness, 
and high mass transfer rate [1].  

However, the absorption rate can be improved through a modification of the bubble 
hydrodynamic, since it plays an important role in the bubble column. Several research works have 
attempted to enhance the absorption rate by increasing the interfacial area between the gas and liquid 
phases. The addition of surfactant in the liquid phase is one alternative for increasing the gas-liquid 
interfacial area by decreasing the bubble diameter [2,3]. However, the presence of surfactants can also 
decrease the liquid side mass transfer coefficient (kL) [3,4].  Luo et al. [5] and Hébrard et al. [6] 
investigated the effects of the sparger structure on the hydrodynamics and mass transfer characteristics. 
It was found that the sparger with small orifice diameters and a large number of orifices provided a 
high mass transfer rate but the corresponding power consumption was increased.  

Another approach is to apply solid phase in the bubble column. There were various works 
applying the packing bed into the bubble column. Moustiri et al. [7] studied the effects of static solid 
packing solid on the hydrodynamics of bubbles and found that the size and terminal rising velocity of 
the bubbles were reduced when static solid particles were present in the column. Bhatia et al. [8] also 
suggested that the specific interfacial area increased with solid. Maldonado et al. [9] indicated that the 
solid characteristics of a fixed bed bubble column could influence the mass transfer coefficient (kLa) 
as the decrease of particle size and bed porosity resulted in the reduction of the kLa. 

Besides the static solid phase, several works also applied movable solids into their bubble 
columns but there were discrepancies observed from their works. Ferreira et al. [10] and Mena et al 
[11] applied different solid particles in bubble column and mostly found the negative effect on the kLa; 
whereas, Chandraserkaran et al. [12], Sada et al. [13] and Quicker et al [14] observed a positive effect 
on their kLa. The differences between physical properties of solid particles such as size, density, and 
loading were suggested to be responsible for these differences. Various works had been done 
investigated the effect of solid size, density and loading rate on the kLa [15–17]. However, none of 
them had investigated the effect of orifice size as well as the particle shape on the hydrodynamic and 
mass transfer in a bubble column with the presenting of movable solids. 

Therefore, the objective of this study was to determine the relative effect orifice sparger size 
and particles properties. Two sizes of rigid spargers and four types of moveable solid particles were 
investigated their effect on both the hydrodynamics and mass transfer in a bubble column. Firstly, two 
different orifice size spargers were studied their effects without presenting of solids. Finally, small and 
large orifice spargers were compared and studied with the various solid particles to provide a better 
understanding and the role of solid particles in the absorption process. It was expected that the 
presenting of solids would rise the kLa without additional power consumption leading to better 
adsorption rate with lower operating cost. 
 
2. MATERIALS AND METHODS 
2.1 The Experimental Setup  

2.1.1 Bubble Column 
The experimental setup used in this study is schematically depicted in Figure 1. The 

experiments were carried out in a cylindrical acrylic column 0.14 m in diameter and 1 m in height. The 
column was filled with 10 L of tap water. A porous sparger was installed at the bottom of the column. 
Different sizes of porous spargers were used to determine the effects of orifice sizes on hydrodynamic 
and mass transfer. The small orifice and large orifice spargers consisted of various pores with diameter 
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ranges between 0.1 – 0.2 mm and 0.5 – 1.0 mm respectively. An HP-12000 air compressor was used 
to generate the gas phase injected through the sparger. Gas flow rates (Qg) from 2.5 to 12.5 LPM were 
studied. This range corresponds to superficial gas velocities of 0.27x10-2 – 1.3x10-2 m/s; the gas flow 
rate was adjusted by a Dwyer gas flow regulator and its pressure was measured with a pressure gauge 
range between 0 to 1 barg. 

 

Figure 1 Experimental setup 

2.1.2 Solid Particles 
The solid particles added to the bubble column were vary in shapes and sizes. From the 

previous work, it was found that the most appropriate solids adding to the bubble column were the 
particles with the density close to the liquid phase; otherwise, the solids could accumulate at the bottom 
of reactor, promoted the coalescence rate of bubbles and diminished the mass transfer rate. Therefore, 
Polypropylene (PP) solid particles with the density of 946 kg/m3 were used. The solid shapes including 
cylinders, spheres, ellipsoids and rings were prepared in order to consider the effect of particle shape 
on hydrodynamic and mass transfer rate. Photographs of the particles can be seen in Figure 2 and their 
properties are given in Table 1. These solids were used at solid loading of 2 – 10 % v/v 
 
Table 1 Physical solid particles characteristics. 

Shape 
Particle equivalent 

diameter (mm) 
Bulk 

porosity 
Shape 
factor 

Terminal velocitya 
(cm/s) 

Ring 4.15 0.78 0.35 -1.66 
Ellipsoid 3.46 0.40 0.96 -1.98 
Sphere 4.00 0.40 1.00 -2.13 

Cylinder 3.08 0.43 0.85 -1.97 
a) Positive velocity value refers to velocity in the direction of gravity 



 

         
  (a)    (b)  (c)    (d)   

Figure 2 Solid particles  
(a) ring (b) ellipsoid (c) sphere (d) cylinder 

2.2 Methods 

2.2.1 Determination of overall volumetric mass transfer coefficient (kLa) 
The experiments were carried out at 25°C and atmospheric pressure. For each experiment, 150 

mg/L of sodium sulfite (Na2SO3) was added into the tap water to reduce the dissolved oxygen in tap 
water and obtain the oxygen-free liquid. The sulphite concentration was low enough not to cause any 
changes to the water properties. Afterwards, air was injected upward through a sparger and dissolved 
oxygen concentrations were measured. According to the dynamic method [18], the kLa values could 
be evaluated from Equation (1). 

dC
dt

 =	kLa.(C*- Ct) (1) 
where C* and Ct are the saturated concentration of dissolved oxygen in liquid and the 

concentration of dissolved oxygen measured at time t, respectively; a perfectly mixed reactor is 
assumed. The kLa values can be estimated graphically from the slopes of ln (C*- Ct)  versus time. A 
CyberScan DO110 dissolved oxygen meter was used to measure dissolved oxygen concentration at 
the middle of the liquid height level. Noted that the value of C* in all experiments were equal to 8.25 
mg/L according to laboratory temperature and pressure [19]. 
 
2.2.2 Determination of bubble diameter (dB) and bubble rising velocity (UB) 

The bubble sizes were determined at the middle of water height (36 cm above the sparger) with 
a photographic technique using a high speed camera. A Basler high speed camera (340 images/second) 
connected to a computer was employed to capture images so that bubble diameter and bubble rising 
velocity could be determined with the LabVIEW and Image Frame Work programs. Samples of 200-
300 bubbles (95% statistical confidence) were randomly chosen from each experiment and their 
equivalent diameters measured with the Image Frame Work software. The Sauter mean diameter or 
the surface-to-volume diameter (d32) was used to find the average diameter (dB,avg) for each experiment 
as shown in Equation (2) 

dB,avg= d32= 
∑ nidi

3
i

∑ nii di
2 (2) 

where ni is the number of bubbles that have an equivalent diameter di. The bubble rising 
velocity can be estimated from the distance covered by a rising bubble between two frames as in 
Equation (3).  

UB=	
∆D

Tframe
 (3) 

Where ∆D is the bubble displacement between t = 0 and t while Tframe is the number of 
frames/340 second.  

2.2.3 Gas holdup (εg) determination 
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The gas holdup is the gas fraction presents in the gas-liquid system or the gas-liquid-solid 
system (when solids are used). It was calculated from the gas volume (Vg), liquid volume (Vl) and 
solid volume (Vs) by the Equation (4) [4]:  

εg = 
Vg

Vg + Vl + Vs
 (4) 

The value of gas hold up could be directly measured experimentally and calculated by comparing the 
height of the liquid surface levels before (HB) and after gas flow (HA) as defined in Equation (5). 

εg =
(HA-HB)

HA
 (5) 

2.2.4 Specific interfacial area (a) determination 
With the assumption of spherical bubble shape, the gas/liquid interfacial area was estimated 

from gas holdup, solid holdup and bubble diameter with Equation (6) [6]: 

a = 
6

dB
∙

εg

1- εg- εs
 (6) 

and the solid holdup (εs) was calculated by the Equation (7). 

εs = 
Vs

Vg + Vl + Vs
 (7) 

 

2.2.5 Determination of specific power consumption (P/V) 
 The specific power consumption (P/V) is the power consumption per volume of liquid in the 
reactor (V). The P/V was calculated regarding the total gas pressure drop (DP) and its volumetric flow 
rate (Q) as shown in equation (8) [18].  

P/V	=	Q∙∆P/V (8) 

3. RESULTS AND DISCUSSION 

3.1 Effect of Different Orifice Sizes of Gas Spargers on Gas Phase Hydrodynamics and Mass 
Transfer 

Bubble sizes were observed in the absence of solid phase. Table 2 shows the effects of 
superficial velocity and orifice size on the average bubble diameter (dB,avg) , the gas hold up (eg), the 
interfacial area (a), and the overall mass transfer coefficient (kLa). The table indicates that the average 
bubble diameter increased with the gas superficial velocity (Vg) and the larger orifice sparger 
apparently provided larger bubbles. This observation is supported by various works [10,11,18].  

Table 2 Hydrodynamic and mass transfer variables at different superficial gas velocity and orifice size 

VG (cm/s) dB,avg (mm) eg (%) a (m-1) kLa (s-1) 
SO LO SO LO SO LO SO LO 

0.3 2.73 3.97 1.81 1.07 40.7 16.3 0.008 0.005 
0.5 2.93 3.99 2.84 2.11 60.0 32.4 0.012 0.008 
0.8 3.04 4.18 3.99 2.99 82.0 44.2 0.015 0.011 
1.1 3.47 4.22 4.97 4.13 90.4 61.3 0.016 0.014 
1.3 3.62 4.31 6.34 5.25 112.4 77.1 0.017 0.016 

a) SO = Small orifice sparger  b) LO = Large orifice sparger 

For gas hold up, Table 2 indicates two issues regarding the gas hold up. Firstly, the gas hold 
up increased with the superficial gas velocity due to the higher amounts of bubbles generated at the 
sparger as higher gas flow increased. Secondly, the small orifice sparger provided higher gas hold up 
than the large orifice. This was corresponding to the different diameter of bubbles produced by the 
orifices. According to the smaller size bubbles generated by the small orifice sparger, the small bubbles 
rise to the liquid surface slower than the large bubbles and eventually stayed in the column longer. As 
the results, the gas hold up in case of the small orifice sparger was superior to the large one.  



 

Concerning the interfacial area, the larger orifice sparger provided lower specific interfacial 
areas corresponding to Equation (5) as it provided larger bubble diameters and lower gas holdup while 
smaller orifice sparger produced small bubbles that yielded higher gas hold up. Moreover, the overall 
mass transfer coefficient (kLa) for the two spargers were following the same trend as the interfacial 
area. Since kLa = kL × a and kL values in the operation range increased slightly with bubble size 
according to the relation found by Sardeing et al. [20]. Thus, the low specific interfacial area was the 
predominant cause of the lower kLa values.  

At this point, it can be understood why spargers with small orifice are commonly used, since 
they can provide high mass transfer efficiency due to high specific interfacial areas and volumetric 
mass transfer coefficients. However, using smaller orifices sparger results in higher power 
consumption [9,18]. The following part will therefore discuss an alternative solution using solid 
particles to enhance the specific interfacial area.  

3.2 Effect of Solid Particles on Gas Phase Bubble Hydrodynamics and Mass Transfer  
The gas flow rate providing a superficial velocity of 1.3x10-2 m/s was selected for further 

discussion because the highest hydrodynamic properties. This part will mention the results obtained 
with different spargers and solid particles. It should be noted that the effects of solids on hydrodynamic 
and mass transfer were in the same tendency throughout the range of gas superficial velocity studied 
in this work. 

3.2.1 Average bubble diameter (dB,avg) 
Figure 3 shows that the presence of solid reduced the average bubble diameter (dB,avg). This 

effect was less observed in the case of the small orifice sparger (6.5 – 13% change in size) than with 
the large orifice sparger (16 – 24 % change) since their initial sizes were smaller. However, it should 
be taken into account that in case of the small orifice sparger, there was a very small portion of large 
bubbles (larger than 8 mm) presenting in the column; nonetheless, those small amounts didn’t affect 
the average value since the amount of larges bubble was too low. 

In addition, adding too high solid loading might have the reverse effect for some types of 
particles. This can be evidently observed in Figure 3(b) when more than 2%vol of ellipsoid and sphere 
shapes were presenting in the column. 

 

  
Figure 3 Effect of the solid PP particles on the average bubble diameter at superficial velocity of 

1.3x10-2 m/s using (a) small orifice sparger and (b) large orifice sparger 
 
Normally, the addition of solid phase has three major influences on bubble geometry and flow 

behaviors: increasing breaking rate, accelerating the coalescence rate, and increasing flow resistance 
[21–23]. Under different solid concentration and bubble size, the solids would have different effects.  

For the case of the large orifice sparger, the addition of solids promoted the breaking rate more 
than the coalescence; therefore, the average bubble size decreased with presenting of the solids. 
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However, the addition of solids with the small orifice sparger promoted both bubble breaking rate and 
bubble coalescence rate because the average bubble diameter was smaller but very large bubbles were 
seemingly formed. This could be possibly caused by the amount of bubbles generated by the small 
orifice sparger that was much higher than the large orifice leading to easier chance to promote the 
coalescence rate [24]. 

The effect of the solid shape was not clearly observed in the small orifice sparger but it could 
be clearly seen in the large orifice sparger case, Figure 3(b). Although the average bubble diameter 
was reduced with the presenting of solids, the addition of ellipsoid and sphere shape particles above 
2 %v/v increased the average bubble diameter while the addition of ring and cylinder shapes didn’t 
have the same effect. This possibly caused by the sharp edge effect of the ring and cylinder particles  
that influenced the bubble breaking rate since the force acting at the edges was be larger than the 
edgeless particles. The effect was also mentioned by Kim et al. [15,25]. Moreover, it could be seen 
that the ellipsoid particles reduced the average bubble diameter less than the sphere particles. This 
implied that the larger particles promoted the bubble breakage rate better than the smaller particles 
since the sphere particles were larger. Kim et al [15] and Nguyen-tien et al. [16] also mentioned this 
similar effect. 

3.2.2 Bubble rising velocity (UB) 

Figure 4(a) shows the effect of solid loading and shape on the bubble rising velocity in the 
small orifice sparger’s case. In the figure, adding solid particles at any concentration increased the 
bubble rising velocity which opposited to the results with the large orifice sparger (Figure 4(b)), where 
the rising velocities were decreased.   

 

  
Figure 4 Effect of the solid particles on the bubble rising velocity at superficial velocity 1.3x10-2 m/s 

using (a) small orifice sparger (b) large orifice sparger 
 

In case of the small orifice sparger, the increase in UB was caused by the very large bubbles 
formed in the column as mentioned in the section 3.2.1. These large bubbles had very high rising 
velocities and their wakes that formed behind them entrained both solids and other small bubbles 
upward, causing bubbles to reach the liquid surface faster [26]. Thus, in the case of a small orifice 
sparger, bubble rising velocities were higher than usual after addition of the solids. 

In contrast, Figure 4(b) indicated that the bubble rising velocities were decreased with the 
presenting of solid concentration in case of the large orifice sparger. Unlike the small orifice sparger, 
the very large bubbles were not frequently formed. Besides, the presenting of solids may increase the 
flow resistance that lower the liquid velocity [21] as well as reducing the bubble rising velocity by 
obstructing them. This effect could be observed especially in case of the ring particles, which had the 
highest surface area leading to higher drag force. 
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3.2.3 Gas hold up (eg) 
 

As can be observed in Figure 5(a), the gas hold up decreased with the presence of cylinder-
shaped particles when a small orifice sparger was used, whereas no obvious effects were noted with 
other particles types. For a large orifice sparger (Figure 5(b)), the gas holdup was increased with the 
presence and concentration of ring-shaped particles. Slight effects could be observed in the presence 
of ellipsoid and spherical particles, while no change with the concentration could be seen for the 
cylindrical particles. These results were supported by the bubble rising velocities (see Figure 4), where 
the lower rising velocity resulted in the higher gas hold up in the water because the bubbles rose slower 
to water surface leading to higher amounts of bubble and gas hold up. 

 

 
Figure 5 Effect of the solid particles on the gas holdup at superficial velocity of 1.3x10-2 m/s using  

(a) small orifice sparger (b) large orifice sparger  
 

3.2.4 Specific interfacial area (a) 

The values of bubble diameter and gas hold up were used to calculate the specific interfacial 
area following the Equation (6). The results are shown in Figure 6(a) and Figure 6(b) for the small and 
the large orifice sparger respectively.  

 

  
Figure 6 Effect of the solid particles on the specific interfacial area at superficial velocity of  

1.3x10-2 m/s using (a) small orifice sparger (b) large orifice sparger 
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As shown in Figure 6(a), only cylindrical particles caused the decrease in the specific interfacial 
areas in case of the small orifice sparger due to the intense decrease of the gas holdup in the small 
orifice sparger operation. On the other hand, for the large orifice sparger, the specific interfacial areas 
apparently increased with concentrations for all particles shapes, especially for the ring particles 
(Figure 6(b)). However, the increasing loading of the ellipsoid and sphere particles above 2%vol 
deteriorated the specific interfacial area due to the increased bubble diameter (see Figure 3).   
 

3.2.5 Overall volumetric mass transfer coefficient (kLa) 

The presence of solid particles in case of the small orifice sparger provided kLa values that 
slightly lower than the case without solid, as shown in Figure 7(a). On the contrary, particles of any 
shape, but particularly the ring-shaped particles, could enhance the kLa value due to higher specific 
interfacial area when the large sparger was applied (Figure 7(b)). The exception of the ellipsoid 
particles should be noted regarding the kLa values that fell with the solid loading since the specific 
interfacial area was decreased. The decreasing was not clearly be seen in case of the sphere particles 
even though their specific interfacial areas were reduced. This was possibly caused by the change of 
the mass transfer coefficient (kL) when the solids were presenting [11]. The effect was apparently seen 
when the small orifice sparger was used as the kLa were reduced despite of their increasing of the 
interfacial area. This effect should be studied further in order to comprehensively understand the effect 
of solids on the mass transfer. It should also be taken into account that the ring shape particles were 
the most appropriate solids that could enhance the kLa by reducing bubble size, bubble rising velocity 
and increasing gas hold up and interfacial area. 

 

  
Figure 7 Effect of the solid particles on the overall volumetric mass transfer coefficient at superficial 

velocity 1.3x10-2 m/s using (a) small orifice sparger (b) large orifice sparger 
 

In conclusion, the addition of solids particles would have both positive and negative effects. 
The negative effect could be observed when the small orifice sparger was used. It was presumed that 
the addition of solids into the small orifice sparger, which produced high amount of bubbles, promoted 
both breaking and coalescence rate. The large bubbles could be easily formed since there was a lot of 
bubbles; therefore, the interfacial area and kLa were reduced. The decrease in kLa was likewise 
observed by the works of Ferreira et al [10] and Mena et al [11] who used the orifice diameter of 0.3 
mm and found the negative effect when the solids were presenting in the bubble column.  

In contrary, the positive effect could be found when the large orifice sparger was used. The 
addition of solids phase in this case promoted the breaking rate more than the coalescence rate since 
the amount of bubble generated at the sparger were not relatively high. This effect was also observed 
by several works using orifice sparger size around 1 mm [15,16,27].  

However, the size of solid particles had to be concerned. Freitas and Teixeira [28] used the 
solid particles size around 2 mm with the orifice diameter of sparger at 1 mm and found the negative 
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effect on the mass transfer coefficient that was corresponding to Kim et al [15] who indicated that the 
solid particles size less than 3 mm would have the negative effect on kLa. In the other hand, 
Chandraserkaran et al. [12], Sada et al. [13] and Quicker et al [14] used the particles diameter less than 
0.1 mm and observed a positive effect on their kLa. Therefore, there was a range of particle size that 
diminished the kLa and vice versa. It was mentioned by Khare and Josh [29] that the average particle 
size around 0.1-2 mm could have a negative effect on gas hold up while other size would have the 
positive effect. 

Beside particle size and orifice size, the solid loading concentration could play an important 
roles on the kLa. In this work, it was found that the increasing in solid loading concentration could 
have dual effect depending on shape and size of the solid. When the sphere and ellipsoid particles were 
used, the addition of solids less than 2 % increased the kLa whilst further addition of solids declined 
the effect. Ozkun et al [17], Albal et al [30] and Mena et al [11] also found the dual effect in their work. 
This was probably caused by the increase in the coalescence rate when the higher amounts of solids 
were presenting. However, this observation was not found in case of ring and cylinder shape solid. It 
was presumed that the sharp edges of the particles were responsible for this phenomena [25].   

From the previous explanation, it could be implied that the kLa could be enhanced when the 
appropriate solid particles were added into the bubble column. In this work, the most appropriate solids 
were the ring shape particles. The inclusion of the solids could raise the overall mass transfer 
coefficient without highly additional power consumption. Figure 7 shows the mass transfer coefficient 
as a function of the specific power consumption of the system. 
 

 
Figure 7 Overall mass transfer coefficient versus the total specific power consumption with different 

sizes of orifice sparger and with the presenting of ring shape solids 
 
 Figure 7 indicates that the kLa were increasing with the specific power consumption regardless 
of the orifice size. In absence of solids, the kLa of the small orifice sparger was higher than the case of 
large orifice sparger. However, with the inclusion of ring shape particles with 10% loading in the large 
orifice sparger bubble column, the kLa increased higher than the kLa of the small orifice case with the 
same power consumption. This indicated that the presenting of the appropriate solids in the appropriate 
size of orifice sparger could escalate the kLa without additional power consumption. Therefore, not 
only higher mass transfer rate was obtained but also lower power required when the appropriate solids 
were presenting in the system. 

In conclusion, the addition of the appropriate solids in the bubble column could rise the mass 
transfer rate when the bubbles generated with the sparger were not too fine. However, the exact effect 
of solids on bubble should be investigated in order to comprehensively understand and utilize the 
knowledge for the design propose [11,17]. 
 

4. CONCLUSIONS 
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The objective of this study was to compare two different rigid-orifice spargers, and four 
different solid particles that could affect the hydrodynamic and the mass transfer parameters of gas 
absorption in a bubble column. For this purpose, the spargers were characterized in terms of their sizes 
while the solid particles were characterized in terms of their shape, physical properties and loading 
rate (concentration). The results show that: 

Bubble diameters increased with orifice sizes. Without the addition of solid, the small orifice 
sparger was better since it could provide higher specific interfacial area and overall volumetric mass 
transfer coefficient. However, the power consumption must also be considered.  

With addition of solid particles, the average bubble diameters, gas hold up, specific interfacial 
area, and overall mass transfer coefficient could be positively or negatively changed depended on solid 
characteristics and sparger orifice size. 

The positive effect was apparently observed when the large orifice sparger was applied. The 
addition of solids increased the bubble breaking rate, reduced the average bubble diameter, and 
consecutively increased gas hold up, interfacial area, and the overall mass transfer coefficient (kLa).  

The negative effect could be encountered when the small orifice sparger was used. In this case, 
the inclusion of solids rose both bubble breaking rate and coalescence rate since the small orifice 
sparger produced high amounts of bubbles leading them to coalesce into larger bubble easily. The large 
bubble formed in the column rose upward rapidly and entrained other bubbles upward faster via their 
wakes. This eventually reduced the gas hold up and negatively affected the kLa. 

The shape, size and loading rate also had the effects on both hydrodynamic and mass transfer. 
It was found that (1) the solids with sharp edges had better potential to rise the bubble breaking rate, 
(2) the larger solid particles improved the kLa superior to the small ones, and (3) the ring shape solids 
were found to be the optimal particles thanks to its hollow and surface area that could reduce the liquid 
velocity circulating in the column with their drag force resulting in higher gas hold up and eventually 
the kLa.  With this particles, a better mass transfer operation could occur in the bubble column, even 
with the same gas throughput and the same power consumption.   

In the future, further studies will be needed for a thorough investigation and better 
understanding concerning the presence of particles, especially the effect of the different particles 
characteristics on the measured mass transfer.  

  
NOMENCLATURE 
 
Alphabetical Symbols 
a specific interfacial area (m-1) 
C oxygen concentration at time t (mg/L) 
C* saturated oxygen concentration (mg/L) 
dB bubble diameter (µm) 
d32 Sauter mean diameter (µm) 
davg average bubble diameter (µm) 
di bubble diameter number i (µm) 
Dd different in liquid level before and after gas throughput (m) 
HA level of liquid after gas throughput (m) 
HB level of liquid before gas throughput (m) 
kL mass transfer coefficient (m/s) 
ni bubble number i (-) 
P power consumption (W) 
UB bubble rising velocity (cm/s) 
V reactor volume (m3) 
Vg gas volume in reactor (m3) 
VL liquid volume in reactor (m3) 



 

Vs solid volume in reactor (m3) 
t corresponding time (s) 
tc contact time (s) 
tframe time between each frame of camera (s) 
 
Greek Letter Symbols 
eg gas hold up or gas fraction (-) 
eL liquid hold up or liquid fraction (-) 
es solid hold up of solid fraction (-) 
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