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Abstract. A slurry bubble column reactor to produce green fuel through hydrocracking of vegetable 
oil with Ni-W/SiO2-Al2O3 catalyst was simulated in this research with the objectives being to obtain 
a mathematical model of the reactor and an optimum operation condition. The steady state two-
dimensional axisymmetric model of the slurry bubble column reactor with the diameter of 2.68 m and 
height of 7.14 m was modelled by considering mass and heat transfers. The very small liquid 
superficial velocity reflects that the liquid phase is in batch-like operation. The gas of 0.01 m/s in 
superficial velocity flows upward to suspend and agitate the spherical catalyst particles of 100 μm in 
diameter inside the reactor. The reactor operated at 80 bar and 420°C. Triglyceride of 5% w/w in 
dodecane and hydrogen of 105.5 mol hydrogen/triglyceride enter the reactor from the bottom. The 
research also considered pressure drop and loading catalyst distribution inside the reactor. Simulation 
results show that the triglyceride conversion is 99.26%, the product yield is 40.68% w/w, and the 
product purity is 45.55% w/w. 

1 Introduction 
The production of fuel such as gasoline and diesel in 
industrial and transportation sectors really depends on 
crude oil. Along with population and economic growth, 
crude oil reserves are getting depleted, while energy 
demand continues to increase. The limited resources of 
fossil energy create a transition state to new and 
renewable energy that is more environmentally friendly as 
a necessity. Indonesia with abundant biodiversity has a 
high chance of overcoming the problem by producing 
green fuel, which is a second-generation renewable fuel. 
One of the high potential natural resources in Indonesia is 
jatropha curcas. Oil in its seeds is non-edible. Therefore, 
jatropha oil is more potential than its competitors such as 
palm oil and coconut oil, which are still widely used as 
edible oil. This oil can be processed into green fuel 
through hydroprocessing, i.e. a process of saturation 
(hydrotreating) and cracking (hydrocracking) of carbon 
chain. 

Green fuel production through hydroprocessing of 
vegetable oils involves three phases. They are hydrogen 
(H2) as gas phase, vegetable oil as liquid phase, and 
catalyst particles as solid phase. Therefore, a three-phase 
reactor is needed, such as trickle-bed reactor and slurry 
reactor. Slurry bubble column reactors have many 
advantages over trickle-bed reactors [1]. 

The catalyst used is a bifunctional catalyst, i.e. a 
combination of acidic catalyst and metallic catalyst for 
hydrogenation and cracking processes. Therefore, the 
reactor used is a multiphase reactor. Some of the 
technologies that have been used to produce green fuel 
from vegetable oil are UOP Renewable Jet Fuel 

ProcessTM, Nesto Oil NEXBTL Process, and Haldor 
Topsoe’s HydroFlexTM

 [2]. 
Experimental and kinetic researches on green fuel 

production through hydroprocessing have been developed 
for several raw materials, such as second cooking oil [3] 
[4], refined, bleached, and deodorized palm oil (RBDPO) 
[5], and jatropha curcas [6].  

There are only a few researches on modelling and 
simulation of hydroprocessing of vegetable oils [5] [7] [8] 
[9]. In fact, beside saving time and cost, researches on 
physicochemical modeling has been proven to give 
accurate results [10].  

This research focuses on modelling of a slurry bubble 
column reactor to produce green fuel through 
hydrocracking of vegetable oil with Ni-W/SiO2-Al2O3 
catalyst. The use of this reactor is based on its better 
temperature control than a trickle bed reactor [11]. The 
objectives of the researches are to obtain a mathematical 
model describing phenomena in the reactor, and to 
ascertain the behavior in the reactor. 

2 Modelling  

The system is a slurry bubble column reactor as illustrated 
in Figure 1. Hydrogen enters the reactor through a gas 
distributor (sparger) and triglycerides enters through an 
inlet hole, both at the bottom of the column. The reactor 
is filled with Ni-W/SiO2-Al2O3 catalyst. The inlet gas 
forms bubbles that move up and pass the slurry and 
provide agitation that keeps the solid catalysts evenly 
suspended in the liquid phase. Excess hydrogen and all of 
the products exit from the top of the reactor. 
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Fig. 1. Macroscale slurry bubble column reactor control 
volume. 

The two-dimensional axisymmetric model of a slurry 
bubble column reactor as illustrated in Figure 2 was 
developed. The model considers pressure drop, mass 
transfer, catalysts distribution and heat transfer. The mass 
and heat balance take into account the transport in axial 
and radial direction. The pressure drop and catalysts 
distribution equations consider only the change in axial 
direction.  

 

Fig. 2. 2D axisymmetric model of slurry bubble column reactor. 

2.1 Pressure drop  

In slurry bubble column reactor, pressure drop caused by 
friction can be neglected compared to the static height. 
The equation used to calculate the pressure drop is 
proposed by Schweitzer and Viguié (2009) [11] as Eq.(1): 

𝜕𝜕𝑃𝑃
𝜕𝜕𝜕𝜕 = −(1 − 𝜀𝜀g)𝑔𝑔𝜌𝜌sl (1) 

where P is pressure, 𝜌𝜌sl is the slurry density. 

2.2 Mass transfer  

A dispersion-convection model that encompasses first-
order irreversible kinetics of vegetable oil hydrocracking 
is presented in mass balance. This phenomenon, which 
characterize the fluid flow through porous media, is 
described by two differential equations of mass balance 
for each phase. The mass transfer resistances through the 

liquid-solid boundary layer and in the catalyst pores are 
negligible. Therefore, the concentration of species reacted 
or produced on the catalyst surface is equal to their 
concentration in the liquid phase. The overall reaction rate 
is controlled by the mass transfers in each phase, through 
gas-liquid boundary layer and the chemical reaction on 
the catalyst surface. Therefore, the mass balance for gas 
phase is as described in Eq.(2): 

−𝐷𝐷gz𝜀𝜀g
𝜕𝜕2𝐶𝐶𝑖𝑖,g
𝜕𝜕𝜕𝜕2 − 𝐷𝐷gr𝜀𝜀g

1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝑟𝑟 (𝑟𝑟

𝜕𝜕𝐶𝐶𝑖𝑖,g
𝜕𝜕𝑟𝑟 ) + 𝑢𝑢gz

𝜕𝜕𝐶𝐶𝑖𝑖,g
𝜕𝜕𝜕𝜕

= 𝑅𝑅𝑖𝑖,g−l (2) 

and mass balance for liquid-phase is as follows: 

−𝐷𝐷lz𝜀𝜀l
∂2𝐶𝐶𝑖𝑖,l
∂𝜕𝜕2 − 𝐷𝐷lrεl

1
𝑟𝑟

∂
∂𝑟𝑟 (r ∂𝐶𝐶𝑖𝑖,l

∂𝑟𝑟 ) + 𝑢𝑢lz
∂𝐶𝐶𝑖𝑖,l
∂𝜕𝜕

= −𝑅𝑅𝑖𝑖,g−l + 𝑟𝑟x,𝑖𝑖 (3) 

Where 𝐶𝐶𝑖𝑖,g and 𝐶𝐶𝑖𝑖,l  are the gas-phase and liquid-phase 
concentration of component i, 𝑢𝑢gz and 𝑢𝑢lz are the axial gas 
and liquid superficial velocity, 𝜀𝜀g and 𝜀𝜀l are the gas and 
liquid holdup, 𝑅𝑅𝑖𝑖,g−l is the gas-liquid mass transfer rate of 
component i, and 𝑟𝑟x,𝑖𝑖 is the chemical reaction of 
component i.  The axial and radial gas-phase mixing is 
expressed by dispersion coefficient 𝐷𝐷gz and 𝐷𝐷gr. The axial 
and radial liquid-phase mixing is expressed by dispersion 
coefficient 𝐷𝐷lz and 𝐷𝐷lr. 

2.3 Catalysts distribution  

In the slurry bubble column reactor, the catalyst loading 
varies along the reactor height. This catalyst loading is 
included in the kinetic rate equations. The equation used 
to describe catalysts distribution is as follows [12] [13]: 

𝑊𝑊 = �̅�𝑤 𝐵𝐵𝐵𝐵s e(−𝐵𝐵𝑜𝑜s𝜉𝜉)(1 − e−𝐵𝐵𝑜𝑜s)−1 (4) 

Where �̅�𝑤 the average catalyst distribution, 𝐵𝐵𝐵𝐵c is the 
catalyst Bodenstein number, 𝜉𝜉 is ratio of z position to the 
reactor length. 

2.4 Heat transfer  

For heat transfer, a convection-conduction model is 
presented. The temperature of gas, liquid, and solid 
phases is assumed to be at thermal equilibrium. The heat 
balance is written in Eq.(5): 

−𝑘𝑘eff [1
𝑟𝑟

𝜕𝜕
𝜕𝜕𝑟𝑟 (𝑟𝑟 𝜕𝜕𝜕𝜕

𝜕𝜕𝑟𝑟) + 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2 ] + 𝜌𝜌𝐶𝐶p𝑈𝑈z

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 𝑄𝑄 

(5) 

Where T is temperature, 𝑘𝑘eff is the effective thermal 
conductivity, 𝐶𝐶p is the slurry heat capacity and 𝑄𝑄 is the 
reaction heat.      

2.5 Boundary condition  

At axial symmetry of the reactor (boundary 1 in Figure 2), 
symmetry boundary is applied for mass and heat transfers. 
At the reactor inlet (boundary 2 in Figure 2), Dirichlet 
boundary condition, which is the inlet temperature, is 
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specified for heat transfer, and Danckwerts boundary is 
for mass transfer. In Danckwerts boundary mass flux 
entering point z = 0 (inlet of the reactor) is solely due to 
the convective flow. Mass flux leaving point z = 0 is due 
to the convective flow and dispersion. At the reactor outlet 
(boundary 3 in Figure 2), the boundary condition is 
dominated by convective flux for each phase. At the 
reactor wall (boundary 4 in Figure 2), the boundary 
condition applied for mass transfer is no flux, meanwhile 
for heat transfer, the applicable boundary condition is 
conductive flux due to heat exchange between the reactor 
wall and the bed. 

3 Results and Discussion 
Vegetable oil in this study is jatropha oil represented by 
triglycerides. The reaction mechanism (as shown in 
Figure 3) and kinetic model is adopted from Anand et al. 
[6]. The reactor operates under steady-state condition and 
its model is simulated numerically with the process and 
geometry parameters as shown in Table 1. 

Table 1. Process and geometry parameters for simulation. 

Parameter Value 

Reactor diameter 2.68 m 

Reactor height 7.14 m 

Catalyst diameter 100 µm 

Superficial gas velocity 0.01 m/s 

Inlet pressure 80 bar 

Inlet temperature 693 K 

Inlet molar ratio of H2/TG 105.5 mol/mol 

Inlet TG fraction  5% w/w 

Wall temperature 420℃ 

 
Figure 4 shows the pressure profile in the reactor. The 

pressure slightly decreases toward the reactor outlet. The 
total pressure drop due to the static height is about 0.188 
bar. Such small value is one of the advantages of using 
slurry bubble column reactor for a three-phase system.  

Fig. 3. Hydrocracking reaction mechanism [5]. 
 

 

Fig. 4. Pressure profile. 
 

The reactant components are triglyceride and 
hydrogen. The product are hydrocarbon and carbon 
dioxide. The hydrocarbon product is divided into four 
categories, i.e. diesel (C17H36), kerosene (C9H20 and 
C11H24), naphtha (C3H8, C6H14, and C8H18), and wax 
(C19H40). The expected green fuel component that used to 
measure reactor performance are diesel, kerosene, and 
naphtha.  

The triglycerides (TG) concentration decreases in the 
axial direction as shown in Figure 5 (a). This is due to the 
fact that hydrocracking reactions consumes TG and 
convert it into green fuel products. The nearly flat axial 
profile indicates that the mixing in the liquid phase takes 
place very well. In fact, the radial profile is practically flat. 

The hydrogen concentration decreases in the gas-
phase and increases in the liquid-phase as shown in Figure 
5 (b) and 5 (c). Hydrogen enters the reactor as gas. On its 
traveling in the reactor some hydrogen molecules 
transport to the liquid phase. Figure 5 (b) and 5 (c) show 

Fig. 5. Reactants concentration profile: (a) triglyceride, (b) hydrogen in gas phase, (c) hydrogen in liquid phase 
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that hydrogen in the gas phase always transport from the 
gas phase to the liquid phase since there is a concentration 
gradient between the gas phase and the liquid phase in 
every spatial position in the reactor. The increasing 
concentration of hydrogen in the liquid phase is also 
caused by much lower reaction rate when compared to the 
mass transfer rate from the gas phase to the liquid phase. 

Figure 6 shows the product profile in the gas phase and 
the liquid phase. The concentration of all products in the 
liquid phase increase along the reactor. The products are 
dominated by naphtha with the highest concentration 
being 15.936 mol/m3 at the outlet of the reactor. This 
conforms with the reaction mechanism where it manages 
to produce naphtha more than the others. Naphtha can be 
produced through direct cracking of TG and advanced 
cracking of diesel and kerosene. 

The carbon dioxide concentration in the liquid phase 
is higher than in the gas phase since the mass transfer 
resistance by gas-liquid boundary layer restrains carbon 
dioxide molecules to transport to the gas phase. In contrast 
to hydrogen, the increasing concentration of carbon 
dioxide in the gas phase along the reactor is caused by the 
fact that its reaction rate is greater than its mass transfer 
rate from the liquid phase to the gas phase.  

Figure 6 (e) and (f) show that carbon dioxide always 
transports from the liquid phase to the gas phase since 
there is a concentration gradient between the liquid phase 
and the gas phase in every spatial position in the reactor. 

The catalyst particle distribution in the reactor exhibits 
in Figure 7. In general, the catalyst particles are almost 
evenly distributed throughout the reactor. The higher 
catalyst concentration occurs near the bottom (inlet) of the 
reactor. This is due to the fact that the precipitation 

velocity of solid particles in a large swarm is higher than 
the liquid phase resistance [14]. The very low difference 
in the catalyst concentration in axial direction has no 
significant effect on the triglyceride consumption rate 
since the temperature slightly increases in axial direction. 

The temperature profile throughout the reactor is 
shown in Figure 8. The exothermic reaction heat heats the 
reactor content so the temperature rises. The increasing 
temperature above its optimum condition leads to poor 
performance. In this study, the reaction heat was removed 
by externally cooling. The reactor wall was set at the same 
temperature as the feed fluid temperature (693 K). The 
simulation results show that the temperature increases 
from the inlet to the outlet due to the reaction with the 
difference being about 4 K, as shown in Figure 8. This 
confirms the theory that due to its good mixing property a 
slurry bubble column reactor offers a relative ease of heat 
removal with less cooling area than some other types 

 

 
Fig. 7. Catalyst particle distribution. 

Fig. 6. Products concentration profile: (a) diesel, (b) kerosene, (c) naphtha, (d) wax, (e) carbon dioxide in liquid phase, (f) carbon 
dioxide in gas phase. 
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Fig. 8. Temperature profile. 

The reactor performance is measured by the 
triglyceride conversion, the green fuel yield, and the green 
fuel purity. This performance is shown in Table 2. It can 
be seen in the table that the chemical reactions take place 
very well. The triglyceride conversion is very high, i.e. 
99.26%. It happens because an excessive hydrogen gas 
was set in the chemical kinetics, so triglyceride acts as the 
limiting reactant. However, the green fuel yield and the 
green fuel purity are still poor. This confirms the reaction 
mechanism which tells that the rates of byproduct 
formation, i.e. wax, are dominated.  

Table 2. Reactor performance parameter 

Parameter Value 

Triglyceride conversion 99.26% 

Yield 40.68% w/w 

Purity 45.55% w/w 

4 Conclusion 
The model of a slurry bubble column reactor for green 
fuel production by hydrocracking of vegetable oil has 
been developed. The simulation results confirm the 
advantages of a slurry bubble column reactor where the 
pressure drop is low and the temperature is easy 
controlled. Simulation results show that the triglyceride 
conversion is 99.26%, the green fuel yield is 40.68% w/w, 
and the green fuel purity is 45.55% w/w. 
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