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Abstract – In this paper, 3D-CFD simulations are used to model solid particle concentration effects on the hydrodynamic behavior of 

a direct contact heat transfer slurry bubble column reactor containing helium gas and a slurry of liquid water and solid alumina particles. 

The results of this paper are compared to previous experimental data and shows a maximum error of 8.37% for a solid particle 

concentration of 10%, while the errors are decreasing when the solid particle concentration is decreased. Also, It is shown that 

decreasing solid particle concentration increases gas holdup, where increasing solid concentration from 0% to 10% leads to a decrease 

in gas holdup by 6%. Moreover, the results of this paper are compared to previous 2D CFD results and shows better accuracy, where 

the maximum error of the 2D CFD simulations were 28.5%. 
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1. Introduction 
The Cu-Cl cycle, which involves the production of hydrogen, has been recognized as a highly favorable low 

temperature cycle [1, 2]. The Cu-Cl cycle of hydrogen production involves an oxygen reaction that necessitates a high 

temperature heat source. High-temperature heat can be produced through the utilization of non-polluting sources such as 

nuclear reactors or solar thermal energy. Various heat transfer mechanisms for the oxygen reactor have been examined 

through prior research [3-7]. The optimal heat transfer mechanism for the oxygen reactor has been established to be direct 

contact heat transfer from the oxygen gas to the molten CuCl [7-9]. The present technique involves the heating of a portion 

of the oxygen gas produced during the decomposition process of the oxygen reactor to a temperature of 530oC, followed 

by its return into the oxygen reactor. This facilitates the transfer of heat directly to the molten salt. 

Studies on bubble column reactors have been conducted via experimental and numerical methods over time. 

Abdulrahman et al. [9] conducted a review of the Eulerian methodology utilized in computational fluid dynamics (CFD) 

analyses for bubble column reactors. The outcomes of 2D computational fluid dynamics (CFD) analyses for the gas holdup, 

volumetric heat transfer coefficient, gas and slurry temperatures, and solid concentration of the bubble column reactor have 

been investigated by Abdulrahman [10-14]. The study conducted by Abdulrahman [14] aimed to examine the impact of 

different solid concentrations, specifically 0%, 5%, and 10% of solid Alumina, on gas holdup in a bubble column reactor. 

The reactor consisted of liquid water and helium gas. The investigation was carried out utilizing a two-dimensional 

computational fluid dynamics (CFD) analysis. A multiphase Eulerian model was used to create the system, incorporating a 

viscous-standard 𝑘 − 𝜀 turbulence model. The findings show that an increase in the concentration of solid particles leads to 

a decrease in gas holdup. 

Zhou et al. [15] analyzed the effects of particles on a gas liquid flows in a slurry bubble column using a conceptual 

model. The particle dependent dual bubble size (PDBS) model was created to investigate the effects of viscosity and density 

changes due to the addition of particles, as well as the change to the bubble drag coefficient due to presence of particles. 

The model was a three-phase model composing of air, water, and glass beads. When considering the effects of viscosity and 

density it was observed that there was a higher level of stability with increased slurry viscosity and density. This was 

apparent as there was a delay in the flow regime transition to a higher flow rate. Overall, it was concluded that the increase 

in solid concentration will result in a decrease of the gas holdup. 

Wodolazski [16], generated a 3D CFD simulation of a slurry bubble column reactor to analyze the flow of syngas in a 

3-phase flow (syngas, paraffin oil, solid particles). A Eulerian- Eulerian approach was used with a 𝑘 − 𝜀 turbulence model. 

Parameters analyzed in this study included the superficial gas velocity, initial solid particle concentration (10%, 30% and 
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50%), gas holdup, and bubble size distribution. The report concluded that increasing the slurry concentration leads to a 

decrease in axial gas holdup. Additionally, the increase of the slurry concentration leads to a decrease in the bubble breakup 

rate. An approximate parabolic relationship was observed between the effects of the gas velocity and the axial solids holdup 

profile. 

 

2. CFD Simulation Model 
The simulations presented in this study have been verified through comparison with the experimental results created 

by Abdulrahman [8, 17-20]. The simulated reactor has been designed in a manner that simplifies the physical reactor shown 

in Fig. 1 to minimize computational costs. 

 

 

Fig.1 Design diagram of the experimental slurry bubble column reactor [8]. 

 

Abdulrahman conducted his experiments on a Water-Helium-Alumina system as a result of the challenges associated 

with Cuprous Chloride (CuCl) and Oxygen (O2) substances [8, 17-20]. The difficulties include the difficulty in detecting 

O2 bubbles in molten CuCl owing to its dark color, the corrosive properties of the CuCl molten salt, and the tendency of O2 

gas to oxidize different substances, thereby accelerating its combustion [8, 21-22]. Abdulrahman has found that using liquid 

water at 22oC and Helium gas at 90oC can replace the molten CuCl at 530oC and oxygen gas at 600oC to give the same 

hydrodynamics and heat transfer behaviors [8]. The present study involves the utilization of a Eulerian-Eulerian model, a 

Eulerian sub-model, and a pressure-based solver type for conducting simulations of a 3D plane system. The employed 

turbulence model is the RNG k-Ꜫ model, while the standard wall function is utilized as the wall function. A hexahedral 

mesh is utilized for the BCR, as shown in Fig. 2. The mesh's independence analyses are conducted to ensure that the optimal 

mesh size is selected, which balances computational expenses with satisfactory outcomes. The ultimate configuration of 

the mesh is comprised of 26,825 nodes and 24,396 elements. The utilization of finer meshes led to a 3% variation in gas 

holdup. The inlet boundary condition is defined by an inlet superficial gas velocity and a gas holdup of 1. The outlet pressure 
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is adjusted to match the pressure of the atmosphere. The reactor walls are subjected to a no-slip condition in both phases. 

The estimation of turbulent kinetic energy and dissipation rate at the inlet and outlet represents a significant challenge. 

Therefore, a total of 5,000 iterations were employed to accurately determine these parameters. Table 1 presents the 

equations utilized in the computational fluid dynamics (CFD) investigation outlined in this paper. The equations presented 

in Table 1 are solely formulated for the gaseous state. Given the similarity between the equations for liquid phase and those 

for gas phase, the former is not repeated. 

 

 
Fig.2 hexahedron mesh of slurry bubble column. 

 

 
Table 1: Details of equations used in the 3D CFD simulations. 

Description [reference] Equation 

Volume equation [23] 𝑉𝑔 = ∫ 𝛼𝑔 𝑑𝑉𝑉
  

Continuity equation in 3D Polar coordinates (r, 

θ, y) [8] 
∇. 𝑉𝑔 =

𝜕𝑣𝑟,𝑔

𝜕𝑟
+

𝑣𝑟,𝑔

𝑟
+

1

𝑟

𝜕𝑣𝜃,𝑔

𝜕𝜃
+

𝜕𝑣𝑦,𝑔

𝜕𝑦
= 0  

Momentum equation in 3D Polar coordinates 

[8] 

𝜌𝑔𝛼𝑔(
𝜕𝑣𝑟

𝜕𝑡
+ 𝑣𝑟

𝜕𝑣𝑟

𝜕𝑟
+

𝑣𝜃

𝑟

𝜕𝑣𝑟

𝜕𝜃
+ 𝑣𝑦

𝜕𝑣𝑟

𝜕𝑦
−

𝑣𝜃
2

𝑟
) = −𝛼𝑔

𝜕𝑃

𝜕𝑟
+ 𝛼𝑔

𝜇𝑔,𝑒𝑓𝑓 𝜕(𝛻.𝑉)

3        𝜕𝑟
+

𝜇𝑔,𝑒𝑓𝑓 𝛼𝑔[
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣𝑟

𝜕𝑟
) +

1

𝑟2
𝜕2𝑣𝑟

𝜕𝜃2
+

𝜕2𝑣𝑟

𝜕𝑦2
−

𝑣𝑟

𝑟2
−

2

𝑟2
𝜕𝑣𝜃

𝜕𝜃
] + 𝜌𝑔𝛼𝑔 𝑔𝑟 +𝑀𝑖,𝑔,𝑟  

𝜌𝑔𝛼𝑔(
𝜕𝑣𝜃

𝜕𝑡
+ 𝑣𝑟

𝜕𝑣𝜃

𝜕𝑟
+

𝑣𝜃

𝑟

𝜕𝑣𝜃

𝜕𝜃
+ 𝑣𝑦

𝜕𝑣𝜃

𝜕𝑦
+

𝑣𝑟𝑣𝜃

𝑟
) = −𝛼𝑔

1

𝑟

𝜕𝑃

𝜕𝜃
+ 𝛼𝑔

𝜇𝑔,𝑒𝑓𝑓

3𝑟

𝜕(𝛻.𝑉)

𝜕𝜃
+

𝛼𝑔𝜇𝑔,𝑒𝑓𝑓[
1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣𝜃

𝜕𝑟
) +

1

𝑟2
𝜕2𝑣𝜃

𝜕𝜃2
+

𝜕2𝑣𝜃

𝜕𝑦2
+

2

𝑟2
𝜕𝑣𝑟

𝜕𝜃
−

𝑣𝜃

𝑟2
] + 𝜌𝑔𝛼𝑔 𝑔𝜃 +𝑀𝑖,𝑔,𝜃  

𝜌𝑔𝛼𝑔(
𝜕𝑣𝑦

𝜕𝑡
+ 𝑣𝑟

𝜕𝑣𝑦

𝜕𝑟
+

𝑣𝜃

𝑟

𝜕𝑣𝑦

𝜕𝜃
+ 𝑣𝑦

𝜕𝑣𝑦

𝜕𝑦
) = −𝛼𝑔

𝜕𝑃

𝜕𝑦
+ 𝛼𝑔 𝜇𝑔,𝑒𝑓𝑓[

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑣𝑦

𝜕𝑟
) +

1

𝑟2

𝜕2𝑣𝑦

𝜕𝜃2
+

𝜕2𝑣𝑦

𝜕𝑦2
] + 𝜌𝑔𝛼𝑔𝑔𝑦 +𝑀𝑖,𝑔,𝑦  
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Energy equation in 3D Polar coordinates [8] 
𝛼𝑔𝜌𝑔𝐶 (

𝜕𝑇𝑔

𝜕𝑡
+ 𝑣𝑟,𝑔

𝜕𝑇𝑔

𝜕𝑟
+

𝑣𝜃,𝑔

𝑟

𝜕𝑇𝑔

𝜕𝜃
+ 𝑣𝑦,𝑔

𝜕𝑇𝑔

𝜕𝑦
) = 𝜏̿ 𝑔: 𝛻𝑉𝑔 + 𝑘𝑔(

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇𝑔

𝜕𝑟
) +

1

𝑟2
𝜕2𝑇𝑔

𝜕𝜃2
+

𝜕2𝑇𝑔

𝜕𝑦2
) + 𝑆𝑔 + 𝑄𝑔,𝑠𝑙  

Effective density 𝜌̂𝑔 = 𝛼𝑔 𝜌𝑔  

Drag force [23] 𝑀𝐷 =
𝜌𝑔 𝑓

6 𝜏𝑏
 𝑑𝑏 𝐴𝑖 (𝑽𝒈 − 𝑽𝒍)  

Interfacial area [23] 𝐴𝑖 =
6 𝛼𝑔 (1−𝛼𝑔)

𝑑𝑏
  

Schiller-Naumann drag equation [24] 𝐶𝐷 = {
24 (1+0.15 𝑅𝑒𝑏

0.687)

𝑅𝑒𝑏
              𝑅𝑒𝑏 ≤ 1000

0.44                                     𝑅𝑒𝑏 > 1000
  

 

 

 

3. Results 
The 3D curve in Fig. 3 shows the relationship between the gas holdup and the variables 𝐶𝑠 and 𝑈𝑔𝑠. Figure 4 illustrates 

the impact of different values of 𝐶𝑠 on 𝛼𝑔, as the superficial gas velocity (𝑈𝑔𝑠) is changed in a Helium-Water-Alumina 

bubble column. Figures 5 and 6 depict the outlines of the cut section of the BCR, which was extracted from the central 

regions of the XY and ZY planes, respectively. In order to achieve a more accurate profile of 𝛼𝑔, further sections were 

extracted from the ZX plane within the reactor at varying heights of 10, 20, and 30 cm from the base of the reactor. The 

asymmetry of the gas holdup in the XY, ZY, and ZX planes is apparent from the contours, suggesting that its behavior 

exhibit significant three-dimensional characteristics. An inverse relationship between 𝛼𝑔  and 𝐶𝑠  is noted, whereby an 

increase in 𝐶𝑠 results in a decrease in 𝛼𝑔. At a superficial gas velocity of 0.05 m/s, when the concentration is raised from 

𝐶𝑠 = 0%  to 𝐶𝑠 = 10% , the gas holdup experiences a reduction of approximately 6% while the static liquid height 

(H) equals 45 cm. At a superficial gas velocity of 0.15m/s and a static liquid height of 55cm, an increase in the 𝐶𝑠 from 0% 

to 10% results in a 14% decrease in gas holdup.  This phenomenon is noted as a result of the direct relationship between 

the concentration of solid particles and the viscosity of the slurry. Elevated viscosity levels result in the formation of large 

gas bubbles and diminish the occurrence of bubble breakage due to interfacial instabilities. The high-rise velocity of large 

bubbles will result in a decrease in gas holdup [25]. 

 

 

Fig.3 Average gas holdup versus solid particle concentration and superficial gas velocity. 
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Fig. 4 The effect of solid particle concentration on gas holdup for different superficial gas velocities. 
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Fig. 5 Gas holdup contours for Ugs=0.05m/s for different solid particle concentrations. 
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Fig. 6 Gas holdup contours for Ugs=0.15m/s for different solid particle concentrations. 
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The validation of gas holdup outcomes obtained from 3D-CFD Helium-Water-Alumina bubble column simulations 

was conducted by comparing them with experimental data from Abdulrahman [9] (see Fig. 8) and 2D simulations from 

Abdulrahman (see Fig. 9). The ability of the 3D-CFD models in identifying the gas holdup (𝛼𝑔 ) at different solid 

concentrations is demonstrated in Figs. 8 and 9. Theoretical computational fluid dynamics (CFD) models in three 

dimensions have the capability to reasonably predict experimental data. The findings indicate that a significant proportion 

of gas holdup simulation outcomes were overestimated. One potential method for reducing relative error is to decrease the 

mesh size. A reduction in mesh size would enable the software to incorporate small vortical structures, such as eddies, into 

the flow analysis [26]. It has been observed that computational fluid dynamics (CFD) simulations exhibit greater accuracy 

in predicting simulations characterized by lower concentrations of solid particles. The investigation reveals that the highest 

relative percentage error is observed at 𝐶𝑠 = 10% , exhibiting an error of 8.37%. Subsequently, 𝐶𝑠 = 5%  exhibits a 

maximum error of 6.35%, while 𝐶𝑠 = 0% demonstrates a maximum percentage error of 5.36%. 

 

 
Fig. 7 Comparison of the average gas holdup versus solid particle concentration between 3D CFD simulations and experimental data. 

 

  
Fig. 8 Comparisons of the average gas holdup versus superficial gas velocity for different solid particle concentrations between 3D 

CFD simulations, 2D CFD simulations and experimental data. 

 
5. Conclusions 

The aim of this study is to investigate the hydrodynamic behavior of a direct contact heat transfer slurry bubble column 

reactor, wherein solid particle concentration effects are simulated using 3D-CFD. The reactor consists of a combination of 

helium gas and a slurry comprising liquid water and solid alumina particles. The findings indicate that the maximum 
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percentage error for the gas holdup, when compared to experimental data, is 8.37%, specifically for a solid particle 

concentration of 10%. Nonetheless, in cases of reduced solid particle concentrations, specifically at 5% and 0%, the 

percentage error was comparatively lower, with values of 6.35% and 5.36%, respectively. It has been observed that a 

decrease in solid particle concentration leads to an increase in gas holdup. This phenomenon arises due to an increase of 

solid particle concentration, which results in an increase of the slurry viscosity. Increased viscosity result in the formation 

of large gas bubbles and a decrease in the rate of bubble breakdown. The higher velocity of the large bubbles will result in 

a reduction of the gas holdup. The aforementioned phenomenon has been noted within the Helium-Water-Alumina system 

under conditions of a static liquid height of 45 cm and a superficial gas velocity of 0.05m/s, where a decrease of 6% in gas 

holdup was observed upon increasing the Cs from 0% to 10%. In contrast to prior 2D computational fluid dynamics (CFD) 

simulations, the 3D CFD simulations presented in this study demonstrate enhanced precision. Specifically, the 3D 

simulation yielded a maximum percentage error of 8.37%, whereas the 2D simulations showed a maximum percentage 

error of 28.5%. 

 

List of Symbols 
𝐴𝑖 Interfacial area concentration  v Velocity field 

𝐶 Specific heat  𝑉𝑔 Volumes of gas 

CD Drag coefficient  𝑉𝑙 Volumes of liquid 

db Bubble diameter  𝑈𝑔𝑠 Superficial gas velocity 

g Gravitational acceleration  𝛼𝑔 Gas holdup 

H Height  𝜇𝑒𝑓𝑓 Effective viscosity 

Mi Total interfacial forces between the phases  𝜇𝑔 Dynamic viscosity gas 

P Phase pressure  𝜇𝑙 Dynamic viscosity liquid 

𝑄𝑔,𝑙 Intensity of heat exchange between the gas and liquid phases  𝜌𝑔 Density, gas 

Re Reynolds number  𝜌𝑙 Density, liquid  

T Temperature   𝜏̿ : 𝛻𝑉 Viscous stress tensor contracted with the velocity gradient 
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