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Abstract: 

The effects of particle concentration and size on hydrodynamics and mass 

transport in a slurry bubble column were experimentally studied. With increasing 

particle concentration, the averaged gas holdup, gas holdup of small bubbles and gas-

liquid volumetric mass transfer coefficient decreased, while the gas holdup of large 

bubbles increased slightly. With increasing particle size, the averaged gas holdup and 

kla remained unchanged when the particle size increased from 55 to 92 m, but 

decreased significantly when the particle size was further increased to 206 m. A liquid 

turbulence attenuation model which could quantitatively describe the effects of particle 

concentration and size was first proposed. Semi-empirical correlations were obtained 

based on extensive experimental data in a wide range of operating conditions and 

corrected liquid properties. The gas holdup and mass transfer coefficient calculated by 

the correlations agreed with the experimental data from both two-phase and three-phase 

bubble columns. 

Key words: Slurry bubble column, Particle concentration, Particle size, Liquid 

turbulence attenuation, Semi-empirical correlations 
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1. Introduction 

Slurry bubble column reactors are widely used in petrochemical and mineral 

processing and wastewater treatment processes, because of their advantages, namely, 

simple geometry, better temperature control and heat removal, high mass transfer rates, 

low operation and maintenance costs, and higher durability of catalyst.1,2 However, 

their complicated hydrodynamics and mass transfer behaviors make them difficult to 

design and scale up,3,4 where, in addition, solid catalyst particles have complex effects 

on their hydrodynamics and mass transfer rates.5-8 Therefore, it is necessary to 

understand the effects of solid particle concentration and size for the operation and scale 

up of these reactors. 

Extensive experiments have shown that particle concentration and size have 

complicated effects on the gas holdup,5,9 bubble size,10,11 and mass transport.8,12 

Generally, with increasing particle concentration, the bubbles becomes larger,9-11,13 

which leads to lower gas holdup g
9,14 and volumetric gas-liquid mass transfer 

coefficient kla.12,15-17 Nevertheless, there is no reported general trend for the effect of 

particle size on the hydrodynamics and mass transport. Ojima et al.18,19 found that the 

local gas holdup and bubble frequency increased with particle size from 60 to 150 m. 

Using micron-sized hydrophilic glass beads particles of 11, 35 and 93 m, Li et al.20 

also found that the total gas holdup and small bubble gas holdup increased with 

increasing particle size, while the rising velocity of large bubbles decreased with 

particle size. However, an increase in averaged bubble size and a decrease in averaged 

gas holdup with increasing particle size were reported by Rabha et al.10 and Lakhdissi 
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et al.5 Meanwhile, Lakhdissi et al.8 further reported that solid particles have a negligible 

effect on kla in experiments using two particles sizes (71 and 156 m) and three volume 

concentrations (1%, 3%, 5%). However, data with higher concentrations of particles 

and wider particle size ranges on kla are very sparse at present. 

On the other hand, the mechanisms of the particle effects on the hydrodynamics 

and mass transfer behavior have not been comprehensively studied. Fig. 1 summarizes 

the following four recognized particle effects in a slurry bubble column: 

(1) Increased apparent slurry viscosity.1 Many empirical correlations21-25 for the 

apparent liquid viscosity due to the addition of solid particles were reported, which 

showed that the apparent viscosity increased with increasing particle concentration. 

(2) Enhanced bubble coalescence. Ojima et al.18,19 quantitatively investigated the 

effect of particle concentration (0 – 50 vol/vol%) and particle size (60, 100, and 150 

m) on the film drainage time in quasi two-dimensional slurry bubble flow using high-

speed camera. They found that with increasing particle concentration or decreasing 

particle size, the liquid film drainage time decreased, leading to enhanced bubble 

coalescence. 

(3) Reduced drag force.26 Wang et al.27 studied the rising of bubbles coated to 

varying degrees by glass-bead particle, and found that with the addition of particles, the 

bubbles became more spherical. Due to the decrease of pressure drag and friction drag 

as compared to irregularly shaped bubbles, the drag force on the coated spherical 

bubbles was reduced. 

(4) Attenuated liquid turbulence.28-30 Li and Zhong31 used an Eulerian-Eulerian-
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Eulerian three-fluid approach to simulate a gas-liquid-solid three-phase bubble column, 

and found that the instantaneous liquid turbulent dissipation rate and turbulent kinetic 

energy decreased rapidly with increasing particle concentration. Using the direct 

numerical simulation of particle-laden isotropic turbulence, Squires and Eaton29 also 

saw an attenuating effect due to particles. 

 

Figure 1. Schematic of the mechanisms of the effect of particle. 

Gas holdup and kla in a slurry bubble column are usually calculated by considering 

the liquid and solid phases as a slurry or pseudo-homogeneous phase.32-34 Thus, in these 

works, only the slurry physical properties such as density and viscosity were changed, 

and the two-phase model was used to work with a three-phase system. However, this 

approach fails to capture the effect of enhanced bubble coalescence, reduced drag force 

and attenuated liquid turbulence. 

This work studies the effect of particles in a wide range of particle volume 

concentration (0 – 20%) and particle size (55 – 206 m) on hydrodynamics and mass 

transport in a slurry bubble column. Empirical correlations for the gas holdup and kla 
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in a gas-liquid bubble column were developed using regression to our experimental data 

and typical results in the literature. A theoretical model of dominant liquid turbulence 

attenuation was also developed based on equalizing the energy consumed by the 

relative motion of the particles and the attenuated liquid turbulence energy calculated 

from the turbulent energy spectrum. After analyzing the above mechanisms of the 

particle effects, the empirical correlations we developed for gas-liquid system were 

extended to a gas-liquid-solid three-phase system. Calculated gas holdup and kla from 

these empirical correlations were in good agreement with experimental data, in both 

gas-liquid and gas-liquid-solid bubble columns. 

2. Experimental 

2.1 Experimental setup 

 

Figure 2. Schematic of the experimental set-up. 

A Plexiglas slurry bubble column with diameter Dc = 0.19 m and height H = 2.5 

m, as shown in Fig. 2, was used in this work. The gas distributor was a perforated plate 
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with an orifice diameter of 1 mm and a triangular pitch distance of 9 mm. Air was used 

as the gas phase, deionized water (l = 1000 kg/m3, l = 72.5 mN/m, l = 1 mPas) was 

used as the liquid phase, and hydrophilic glass bead (s = 2400 kg/m3, ds = 55, 92, and 

206 m, s = 0 – 20 %) was used as the solid phase. 

2.2 Measurement techniques and methods 

Two differential pressure transducers installed at 0.03 and 1.4 m above the gas 

distributor were used to record the pressures. The average gas holdup was measured 

from the pressure drops p and calculated by: 

 
1

1g

l s s l

P

g h


  

 


    
                       (1) 

A quick cut-off electromagnetic valve was installed in the gas inlet pipe for the 

dynamic gas disengagement (DGD) experiments. DGD experiments were performed to 

investigate the gas phase structure. In the DGD experiments, the gas supply was quickly 

shut-off and the gas holdup variation with time was monitored. Typical DGD curves 

for the effect of particle concentrations on gas holdup are shown in Fig. 3. Since large 

bubbles rise faster than small bubbles, the gas holdup variation with time has two 

different stages: it decreased fast in the first stage, and decreased gradually in the second 

stage.35 Fig. 3 shows that with increasing particle concentration s, the averaged gas 

holdup and gas holdup of small bubbles significantly decreased. 

The gas-liquid volumetric mass transfer coefficient kla was measured using the 

oxygen desorption method using a switch from N2 to air. An optical probe was used to 

measure the dissolved oxygen concentration
2
( )OC t in liquid water at 1.0 m above the 

gas distributor. Typical curves of dissolved oxygen concentration versus time with Ug 
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as parameter are shown in Fig. 4. The value of kla was determined by the following 

equations, which are based on a CSTR model:36 
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Figure 3. Typical dynamic gas-disengagement profiles at Ug = 0.157 m/s and different particle 

concentrations. 
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Figure 4. Typical DO profiles during the “gassing on” period at different superficial gas 

velocity (5% glass beads). 



 

9 

2.3 Results and discussion 

2.3.1 Effect of particle concentration 

Gas holdups 

Fig. 5 shows the effect of superficial gas velocity on the averaged gas holdup g, 

gas holdup of small bubbles g,small and large bubbles g,large at different particle 

concentrations s. At each s, the influence of Ug on g, g,small and g,large followed the 

same trend. The value of g,small increased significantly with Ug in the homogeneous 

regime, while it remained unchanged in the heterogeneous regime. In contrast, g,large 

is linearly proportional to Ug due to the enhanced bubble coalescence. 

0.0

0.1

0.2

0.3

0.4

0.00 0.08 0.16 0.24 0.32
0.0

0.1

0.2

0.3

0.4

0.00 0.08 0.16 0.24 0.32


g

 tal

 Large bubble

 Small bubble

Air-water s = 5 %, ds = 55 m

Ug, m/s

s = 10 %, ds = 55 m s = 20 %, ds = 55 m

 

Figure 5. Effect of particle concentration on total gas holdup, and gas holdup of large bubbles 

and small bubbles. 

By comparing the gas holdup at different s, it is seen that g and g,small 

significantly decreased with increasing s, while g,large slightly increased. Li et al.14 

reported similar results of the effect of s on g and g,small, but they found that g,large 
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slightly decreased when increasing s from 0 to 40%. Many researchers11,26 ascribed 

the decrease in g to increased apparent liquid viscosity and enhanced bubble 

coalescence. However, with an increase of s from 0 to 20%, the apparent liquid 

viscosity only increased 2-3 times.22,23,25 Lakhdissi et al.5, An et al.28 and Xing et al.35 

demonstrated that this slight increase in viscosity could not explain the significant 

variation of gas holdup. In addition, An et al.28 found by CFD simulation that enhanced 

bubble coalescence was also not enough to cause a large difference in g, and they 

proposed that turbulence attenuation plays the most important role. We discuss this in 

Section 3.3. 

Volumetric mass transfer coefficient 
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Figure 6. Effect of particle concentration on the volumetric mass transfer coefficients. 

Fig. 6 shows the effect of particle concentration on kla. With increasing s, kla 

significantly decreased due to decreased gas holdup and a larger bubble size range, 

which was previously reported by many researchers.12,15-17 However, Lakhdissi et al.8 

reported that at s  5% the particles had a negligible effect on kla due to two opposite 

effects, namely the gas-liquid interfacial area decreased while the liquid-side mass 
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transfer coefficient increased with the addition of particles. 

2.3.2 Effect of particle size 

Gas holdup 

The effects of particle size on the averaged gas holdup at different s are shown in 

Fig. 7. The averaged gas holdup at ds = 55 and 92 m were almost the same. In contrast, 

there was an obvious decrease in g when particle size increased to 206 m. Although 

Ojima et al.19 reported that the particle size affects bubble coalescence, An et al.28 

demonstrated that this effect could not explain the decreased gas holdup. Recently, 

Lakhdissi et al.5 found that particles collided with the bubbles in a slurry bubble column, 

which decreased the bubble rise velocity, and accordingly proposed a hindering factor 

to account for this. By considering the hindering factor, the effects of particle size and 

concentration on the gas holdup were well described.5 
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Figure 7. Effect of particle size on total gas holdup. 
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Volumetric mass transfer coefficients 

Fig. 8 shows the effect of particle size on kla in a wide range of s (0-20%). Overall, 

the particle size had only slight effect on kla. Similar to gas holdup, kla remained almost 

unchanged and then slightly decreased when increasing particle size from 55 to 206 m. 

Compared with the literature, the effect of the presence of particles on the gas-liquid 

volumetric mass transfer coefficient was obtained in a much wider range of particle size 

and concentration in this work. 
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Figure 8. Effect of particle size on the volumetric mass transfer coefficients. 

3. Empirical correlations and turbulence attenuation mechanism 

3.1 Gas-liquid bubble column 

3.1.1 Gas holdup 

The calculation of gas holdup in a bubble column needs seven physical parameters, 

namely, superficial gas velocity Ug, gravitational acceleration g, bubble column size DC, 

gas density g, liquid density l, liquid surface tension l, and liquid viscosity l: 
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 , , , , , ,g g C g l l lf U g D                            (5) 

Since there are three basic dimensions, namely, mass (kg), length (m), and time 

(s), in the above seven parameters, according to the Buckingham’s  theory, four 

dimensionless numbers are needed to determine the gas holdup:5 

2 3 2

1 2 3 42
,  ,  ,  

g gC l C l

l l lC

U gD gD

gD
   



 
   

 
              (6) 

where 1 is the Froude number Fr, 2 is the Bond number Bo, 3 is the Galilei number 

Ga, and 4 is the density ratio r. 

Therefore, the gas holdup in a gas-liquid bubble column was correlated as: 

2 3 4 52 3 2

1 2

c c c c

g gC l C l
g

l l lC

U gD gD
c

gD

     
                

 


 
              (7) 

By nonlinear regression to experimental data of g shown in Table 1 to determine 

the exponents, the final empirical correlation of the gas holdup in a gas-liquid bubble 

column is: 

0.69 0.19 0.03 0.23
2 3 2

2
0.45

g gC l C l
g

l l lC

U gD gD

gD

     
               

 


 
           (8) 

(0.01  Ug  0.35 m/s,1.23  g  43.05 kg/m3, 714  l  1294 kg/m3, 24.6  l  75.3 

mN/m, and 0.47  l  185 mPas) 

This is the same as that reported by Lakhdissi et al.5, which is not surprising because 

the experimental data used in the regression were almost the same.  
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Table 1. Liquid properties and bubble column size data from the literature used in this work. 

Ref. Liquid Ug, m/s l, kg/m3 l, mPa·s , mN/m Dl,10-9 m2/s P, MPa Data DC, m H, m 

Hashemi et al.37 Water 0.02-0.15 1000 1.0 72.5 2.0 0.1-2.5 kla 0.10 1.2 

Esmaeili et al.38 Water 0.01-0.32 1000 1.0 72.5  0.1-1.0 ag 0.15 4.8 

 Glucose 0.01-0.35 1294 185.0 74.3  0.1, 1.0 ag   

 Boger 0.01-0.35 1251 135.0 75.3  0.1, 1.0 ag   

Jordan et al.39 1-Butanol 0.01-0.21 809 2.9 24.6 1.38 0.1-1.0 kla 0.10 2.4 

Lin et al.40 Paratherm NF (300 K) 0.05-0.26 869 31.7 29.5  0.1, 3.5 ag 0.05 0.8 

 Paratherm NF (320 K) 0.04-0.26 859 10.7 28.0  0.1, 3.5 ag   

 Paratherm NF (351 K) 0.04-0.29 847 4.7 26.0  0.1, 3.5 ag   

Xing et al.35 Water 0.02-0.30 1000 1.0 72.5  0.1 ag 0.19 2.5 

 Glycerol solution (54.9 wt%) 0.01-0.28 1124 7.9 63.6  0.1 ag   

 Glycerol solution (69.9 wt%) 0.01-0.28 1140 20.1 63.2  0.1 ag   

 Glycerol solution (76.6 wt%) 0.01-0.27 1184 39.6 62.0  0.1 ag   

Grund et al.41 Water 0.03-0.20 999 1.0 72.7  0.1 ag, a 0.15 4.3 

 Toluene 0.01-0.17 865 0.6 28.3  0.1 ag   

 Ligroin 0.01-0.18 714 0.47 20.4  0.1 ag   

Han et al.36 Water 0.01-0.45 1000 1.0 72.5 2.0 0.1-1.0 kla 0.16 1.8 

Lakhdissi et al.5 Water 0.004-0.26 1000 1.0 72.5 2.0 0.1 ag, kla 0.29 2.6 

Terasaka et al.42 Water 0.01-0.14 1000 1.0 72.5 2.0 0.1 kla 0.11  

Li et al.20 Water 0.05-0.35 1000 1.0 72.5  0.1 ag 0.28 2.4 

Gandhi et al.43 Water 0.05-0.26 1000 1.0 72.5  0.1 ag 0.15 2.5 

This work Water 0.01-0.35 1000 1.0 72.5 2.0 0.1 ag, kla 0.19 2.5 
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Figure 9. Parity plot for gas holdup in a gas-liquid bubble column with different liquids and 

operating parameters. 

The comparison of the calculated gas holdup by Eq. (8) and experimental data is 

shown in Fig. 9. Considering that the experimental data were from different research 

groups and covered a wide range of operating conditions, the agreement between the 

correlation and experimental data is satisfactory. 

3.1.2 Volumetric mass transfer coefficient 

The calculation of kla needs one more physical parameter, namely, the diffusion 

coefficient Dl: 

 , , , , , , ,l g C g l l l lk a f U g D D                         (9) 

Therefore, one more dimensionless number, namely, the Schmidt number Sc, was 

added:44 

5 Sc l

l lD
 





                              (10) 

By nonlinear regression based on the collected experimental data of kla shown in 

Table 1, the volumetric mass transfer coefficient for a gas-liquid bubble column was 
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correlated as: 

0.76 0.83 0.34 0.25 0.5
2 2 3 2

2
0.4

g gl C C l C l l

l l l l l lC

Uk aD gD gD

D DgD
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  

  
   (11) 

(0.01  Ug  0.45 m/s,1.23  g  30.75 kg/m3, 809  l  1000 kg/m3, 24.6  l  72.5 

mN/m, 1  l  2.9 mPas and 1.3810-9  Dl  2.010-9 m2/s ) 

Table 2. Empirical correlations for kla in the literature. 
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Figure 10. Parity plots for kla in a gas-liquid bubble column due to different correlations. 

The three empirical correlations for kla in the literature44-46 listed in Table 2, were 
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compared with the correlation developed in this work. As shown in Fig. 10, our 

correlation proposed is more accurate, due to that it uses regression to the experimental 

data which cover a wider range of operating conditions. 

3.2 Slurry bubble column 

Many researchers use a two-phase model for calculating three-phase 

hydrodynamics by combining the liquid and solid phases into a pseudo-homogeneous 

phase. In this section, we discuss the accuracy of the two-phase approach with corrected 

slurry properties for calculating gas holdup and kla in a slurry bubble column. 

After including a correction factor for the slurry density and viscosity, Eqs. (8) and 

(11) are modified as: 
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The slurry density was calculated using the ideal volume mixing method sl = ss + 

(1-s)l, and the slurry viscosity was calculated using the correlation sl = (1-s)
-2.5 for 

s  5% and sl = (1-1.35s)
-2.5 for s > 5% proposed by Roscoe22. The effect of solid 

particle on the liquid surface tension was neglected. The diffusion coefficient, Dsl, was 

calculated by the empirical correlation Dsl = Dl(sl/l)
-0.57 proposed by Öztürk et al.44. 
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Figure 11. Parity plot for gas holdups (left) and kla (right) of slurry bubble column using the 

empirical correlations of gas-quasi-homogeneous liquid system. 

Fig. 11 shows the comparison of calculated gas holdup by Eq. (13) and calculated 

kla by Eq. (14) with experimental data. Calculated gas holdup and kla by the two-phase 

approach were both higher than experimental data, that is, the pseudo two-phase 

approach could not accurately calculate the hydrodynamics and mass transfer rate in a 

three-phase slurry bubble column. 

3.3 Parameter for liquid turbulence attenuation 

An et al.28 studied the effect of particle concentration on slurry viscosity, bubble 

coalescence, gas-liquid drag force, and liquid turbulence, and found that the effect of 

turbulence attenuation dominated the hydrodynamics of a slurry bubble column. 

However, the mechanism of liquid turbulence attenuation was left unknown, and the 

effect of particle size could not be calculated. 

In this work, a model of liquid turbulence attenuation by particles was developed 

by equating the energy consumed by the motion of particles to the attenuated liquid 

turbulence energy calculated from the turbulent energy spectrum. The following 
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assumptions are made: 

(1) Only the most important drag force is considered in the movement of the 

particles; 

(2) The work time per unit fluid in driving the particles to move equal to the 

lifetime of the liquid phase turbulent eddy; 

(3) When calculating the slip velocity between particles and fluid, the interaction 

of bubbles and particles is ignored, but bubble-induced turbulence in the liquid phase 

is included; 

(4) When calculating the energy of turbulent eddies, only the energy in the inertial 

energy spectrum is included, which conforms to the Kolmogorov inertial energy 

spectrum shown in Fig. 12. 
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Figure 12. Schematic of liquid turbulence attenuation by the particle effect (left) and turbulent 

spectrum (right). 

The energy per unit slurry volume dissipated by the relative motion of particles, 

Ep, was estimated by:30,47 
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                  (18) 

where ns = 6s/ds
3 is the number of particles per unit volume of slurry, Fs is the drag 

force on the particles, CDs is the drag coefficient of the particle, ds is the particle 

diameter, Res is the particle Reynolds number, Aps = ds
2/4 is the cross sectional area of 

a particle, e is the turbulent eddy life time, 1 and k1 are the turbulent dissipation rate 

and turbulent kinetic energy, respectively, and L is an integral scale. 

The particle slip velocity uslip is calculated from the experimental results of Palani 

et al.48: 

 

0.0167

0

0

0.9 ,  550 ms l s
slip l

l

d
u u d

d

  
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              (19) 

 
1/3

12lu L                                (20) 

The calculations of 0 and k0 used the equations in Wang et al. 49: 

   
3/2

2
3/4

0 0.04 / / 0.07 +g g c g gC U a D gU 
                (21) 

 
2

2

0 0.04 / 0.25g g g gk U a gU                     (22) 

where 0 and k0 were the initial turbulent dissipation rate and turbulent kinetic energy 

of the pure liquid phase with considering bubble-induced turbulence, respectively. 

Using the turbulent energy spectrum,50 the attenuated energy per unit volume of 

slurry can be calculated by: 
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where 0 is the initial liquid turbulent dissipation rate, and 1 is the liquid turbulent 

dissipation rate after liquid attenuation.  is the turbulence energy, E is the turbulence 

spectrum, = 22/3-5/3,  is the wave number, and  is the Kolmogorov scale, = 

(sl/sl)
3/41/4. 

By combining Eqs. (15) and (23), the liquid turbulent dissipation rate 1 after liquid 

attenuation by the solid particles can be calculated as: 
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               (25) 

Based on above derivation, the following correlation parameter ψs was proposed 

for liquid turbulence attenuation: 
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Figure 13. Effect of particle concentration on the liquid turbulence attenuation parameter (ψs) 

at different superficial gas velocities. 



 

22 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
0.0

0.2

0.4

0.6

0.8

1.0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35


s

Ug, m/s

       ds, m

 55

 92

 206

(a) s = 5 %

Ug, m/s

(b) s = 10 %

 

Figure 14. Effect of particle size on the liquid turbulence attenuation parameter (ψs). 

Fig. 13 shows the effect of particle concentration on the liquid turbulence 

attenuation parameter, which shows that with increasing s, it significantly decreased. 

The effect of particle size on this parameter ψs is shown in Fig. 14, which shows that 

with increasing particle size from 55 to 92 m, liquid turbulence attenuation increased 

slightly, then it significantly increased with an increase in particle size to 206 m.  

3.4 Gas-liquid-solid three-phase slurry bubble column 

We found that the effect of particle concentration and particle size on liquid 

turbulence attenuation as calculated in Section 3.3 was the same trend as the effect of 

s and ds on the hydrodynamics and mass transport in a slurry bubble column described 

in Section 2.3. Therefore, we combined the empirical pseudo two-phase correlations 

for a slurry bubble column with the liquid turbulence attenuation parameter correlation, 

to get a new semi-empirical correlation for gas holdup and kla in a three-phase slurry 

bubble column. 

By combining Eqs. (13) and (14) with Eq. (26), the following semi-empirical 

correlations for gas holdup and kla in a three-phase slurry bubble column were obtained: 
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where the exponent values of 0.062 and 0.1 for ψs were obtained by regression using 

our experimental data listed in Table 3. 

Table 3. Experimental details of slurry bubble columns used in the literature and this work. 

Source Particle size, m Volume fraction s  H, m DC, m 

Lakhdissi et al.5 35, 71 and 156 0 – 5% 2.6 0.29 

 Li et al. 20 20 11, 35 and 93 0 – 20% 2.4 0.28 

Gandhi et al.43 35 0 – 20% 2.5 0.15 

This work 55, 92 and 206 0 2.5 0.19 
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Figure 15. Parity plot for gas holdups in a slurry bubble column calculated by our correlation 

that includes liquid turbulence attenuation. 

The comparison of calculated gas holdup by Eq. (27) and kla by Eq. (28) with 

experimental data was shown in Fig. 15 and Fig. 16, respectively. Gas holdup and kla 

both agreed satisfactorily with the experimental data, which showed that after including 

liquid turbulence attenuation, the modified two-phase empirical correlations could 
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accurately calculated the hydrodynamics and mass transfer coefficients in a three-phase 

slurry bubble column. 
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Figure 16. Parity plot for kla in a slurry bubble column from our correlation that includes 

liquid turbulence attenuation. 
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Figure 17. Parity plot for gas holdups of slurry bubble column by the correction of Lakhdissi 

et al. (2020). 

To compare the latest model by Lakhdissi et al.5 with our model, calculated gas 

holdup using the correlation of Lakhdissi et al.5 (listed in Table 4) are compared with 

the same experimental data. This is shown in Fig. 17. The correlation by Lakhdissi et 

al.5 gave values that were much lower than the experimental data from our work and 
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from Gandhi et al.43 In contrast, our proposed correction could accurately reproduce 

whole set of experimental data, which is due to that the dominant effect of liquid 

turbulence attenuation was taken into account. 

Table 4. Empirical correlation for gas holdup of slurry bubble column by Lakhdissi et al.5 

Items Equation 

Gas holdup    
5.43
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Bubble rise velocity correlation  
1.6

0.51 0.96 0.010.21 Fr Bo Ga /b C g slV gD

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Bubble size correlation  
0.17
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4. Conclusions 

The effects of particle concentration and particle size on hydrodynamics and mass 

transport in a slurry bubble column were experimentally studied. With increasing 

particle concentration, the averaged gas holdup, gas holdup of small bubbles and gas-

liquid volumetric mass transfer coefficient significantly decreased, while the gas holdup 

of large bubbles increased slightly. When the particle size was increased from 55 to 92 

m, the averaged gas holdup and kla remained unchanged, but they decreased 

significantly with a further increase of particle size to 206 m. A semi-empirical model 

of liquid turbulence attenuation was developed in order to include liquid turbulence 
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attenuation into the effects of particle concentration and size. This gave a parameter 

whose value was obtained by regression with extensive experimental data from gas-

liquid bubble column and gas-liquid-solid slurry bubble column in a wide operating 

conditions and liquid properties. This parameter ψs was included in the following semi-

empirical correlations and it enabled then to accurately calculate the gas holdup g and 

volumetric mass transfer coefficient kla: 

For a gas-liquid bubble column: 
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For a gas-liquid-solid three-phase bubble column: 
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Notations 

2
( )OC t  dissolved oxygen concentration, ppm 

Dc Column diameter, m 

Dl  diffusion coefficient, m2s-1 

db bubble size, m 
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ds particle size, m 

uslip particle slip velocity, ms-1 

Ug superficial gas velocity, ms-1 

kla gas-liquid volumetric mass transfer coefficient 

Greek letters 

g  gas holdup, dimensionless 

 turbulent energy dissipation rate, m2s-3 

s volume fraction of particles, dimensionless 

sl slurry density, kgm-3 

l liquid density, kgm-3 

s particle density, kgm-3 

l liquid surface tension, Nm-1 

s Correlation parameter for considering liquid turbulence attenuation, 

dimensionless 
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