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Abstract 

A tubular pilot scale fixed-bed reactor for the Fischer–Tropsch Synthesis (FTS) was simulated to numerically 
demonstrate the conversion of synthesis gas (CO+H2) to higher hydrocarbons over an iron based catalyst. 
The reactor was a 3.1 cm diameter and 2.75 m length steel tube. The feed temperature were between 
563- 583 K. Saturated water was employed to control the peak temperature within the catalyst bed, 

which is critical for the stability of iron based catalyst. In this research, computational fluid dynamics 
(CFD) was used to model the interacting phenomena such as non-ideality of mixture, reaction and 
hydrodynamics in a fixed-bed reactor for the FTS. Synthesis gas conversion, product selectivity, and 
temperature were measured as a function of reactor length. FTS can be conducted with very low 
temperature range between 563 and 583K within a wide range of CO conversion using saturated water 

as coolant. By using saturated water, reactor exhibited good isothermal condition under most simulated 
conditions. Very good agreement between pilot experimental data and the model was achieved. Results 

show that increase in feed temperature have a significant effect on the yield of products.  

Keywords: Numerical modeling; Fischer–Tropsch synthesis; packed reactor; CFD methods; saturated water. 
 

1.Introduction 

The Fischer–Tropsch synthesis (FTS) is a key step in the conversion of natural gas and coal 

or biomass into liquid fuels (synfuels) through the so-called gas-to-liquids (GTL) and coal/ 

biomass-to-liquids (CTL/BTL) processes. Among them, GTL is particularly attractive from the 

point of view of operating costs, carbon and thermal efficiencies as well as environmental 

impact [1- 3]. The FTS is the catalytic conversion of synthesis gas (CO+H2) into a multi-component 

mixture of hydrocarbons and water. The commercial FTS plants have utilized either Fe or Co 

catalysts using FTS to produce liquid fuels (gasoline and diesel) [4, 5].The FTS can be viewed 

as a polymerization reaction where chain growth is the basic feature. Various types of reactors 

(including fluidized bed, multi-tubular fixed-bed and slurry) have been considered during the 

FTS process development. The fixed-bed FT process, being one of the most competing reactor 

technologies, occupies a special position in FTS industrial processes [6-9]. Due to the high demand 

on gasoline in the world and its higher price relative to that of diesel, production of gasoline 

from the FT process, becomes more favorable. The octane number of FT gasoline is lower than 

that of the gasoline obtained from crude oil processing, since the FT gasoline mainly consists 

of n-paraffin. To promote the yield and quality of the gasoline from FTS, bi-functional catalysts 

have received extensive attention in the recent years [10]. 

In this research, the modified bi-functional Fe-HZSM5 catalyst has been used. Such a process 

removes the need for cumbersome upgrading units for GTL plants [11]. To achieve optimum 

condition for the best performance of process, the reactor should be simulated exactly by 

considering non-idealities. Clearly, due to the complexity of FTS reaction system, variety of 

products (C1-C20) and operating condition of this process, a suitable reactor model with consi-

dering thermodynamic non-idealities ,from which the selectivity and heat transfer information 

can be determined in a qualitative fashion, has not been presented yet [12,13].  

Bub et al. [14] and Jess et al. [15] developed a two-dimensional, pseudo-homogeneous model 

that was used to predict product distribution and performed the conceptual design of a fixed-bed 
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reactor for converting nitrogen rich syngas. Atwood and Bennet [16] have proposed a one-

dimensional, homogeneous plug flow model. Wang et al. [17] devised a comprehensive one-

dimensional heterogeneous reactor model to simulate the performance of fixed-bed FT 

reactors for hydrocarbon production. Liu et al. [18] have studied the steady state and dynamic 

behavior of the FT fixed-bed reactor using a two-dimensional heterogeneous model. Also, 

Marvast et al. [19] have simulated the behavior of the FT fixed-bed reactor using a two-

dimensional heterogeneous model at steady state condition.  

In the present work, we report a computational fluid dynamic (CFD) study to investigate 

performance of a bi-functional Fe-HZSM-5 catalyst in a pilot scale tubular fixed-bed reactor 

for FTS, coupling the exothermic FTS with saturated water for heat removal. The CFD is a 

powerful tool for simulating complex reacting flows [20-24]. The aim of our study was to analyze 

the conditions under which the synthesis reaction could be conducted at a reasonably high 

CO conversion close to the isothermal condition at temperatures between 563 and 583 K. 

The simulation results have been validated with pilot experimental data. 

2. Process description 

The FTS has been investigated in a pilot scale of a fixed bed reactor which was packed with 

bi-functional Fe-HZSM5 catalyst (metal part: 100 Fe/5.4 Cu/7K2O/21SiO2, acidic part:  

SiO2/Al2O3=14). There was a jacket around the reactor which boiling water flowing through 

it to remove the heat of reaction. The temperature of boiling water could be controlled measuring 

pressure of the system. The pilot has been designed and constructed by the Research Institute 

of Petroleum Industry, National Iranian Oil Company (RIPI-NIOC) in 2008 [12]. The characteristics 

of the pilot plant are shown in Table 1. The object is to find the profiles of temperature and 

concentration of various species along the fixed-bed reactor length at different conditions 

and recognize the optimum condition.  

Table1 FTS pilot plant characteristics  

Tube Dimension(mm) 31×3×2.75 

Number of tubes  1 

Molar Ratio of H2/Co 1 

Feed Temperature(K) 563,573 and 583 

Catalyst sizes (mm) 1.5×4 

Catalyst density(kg/m3 ) 1290 

Bulk density(kg/m3 ) 730 

Reactor pressure(bar) 17 

Cooling temperature (K) Saturated water (563,573 and 583) 

GHSV(Nl/hr) 3 

Bed Voidage 0.38 

3. Mathematical Model 

3.1. Governing equations 

In order to model the problem, five sets of equations should be solved; continuity equation, 

momentum balance, energy and species transport equations. The mass conservation, 

momentum, and total enthalpy equations, may be expressed as follows, respectively: 
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Where,  represents mixture density, v


is velocity vector, and H, hi are total enthalpy 

and enthalpy of species, respectively and Ci  stands for concentration of chemical species. P 

is the static pressure, S is the model-dependent source term from porous-media and SR  is 

the heat of reaction . The catalyst zone considered as a porous media that modeled by the 

addition of a momentum source term to the standard momentum equation. The source term 

is composed of two parts: a viscous loss term (Darcy, the first term on the right-hand side 

of Equation 5) and an inertial loss term (the second term on the right-hand side of Equation 

5). v  is the magnitude of the velocity and D and C are prescribed matrices. The momentum 

sink contributes to the pressure gradient in the porous cells, causing a pressure drop that is 

proportional to the fluid velocity in the cells [25].  

Due to complexity of the FTS reaction system, variety of products (C1- C20) and operating 

condition of the process, non-ideal thermodynamic behavior of system should be considered 

using Eqs 6 to 8 [12,13]. Hereupon, a suitable EOS (equation of state) should be used for 

calculation of mixture density and species fugacity (fi). For this study Peng-Rabinson equation 

was chosen as a suitable EOS which its parameters has been listed in table 2. 

Table 2 Parameters of Peng-Rabinson EOS 
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3.2 Computational domain and boundary conditions 

The schematic of the setup is given in figure1, A two- dimensional system (2.75 m x 31mm) 

which was fed with synthesis gas (a mixture of carbon monoxide and hydrogen). Furthermore, 

the reactor was divided in two sections:1) top zone fluid, 2) reaction (catalyst) zone. Packed 

21 21
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bed was considered as a porous media due to the large value of N (tube-to-catalyst diameter 

ratio) [26].  

 

Figure.1 Schematic of fixed-bed reactor and its boundary conditions 
The mass-flow-inlet boundary condition was used for gas flow to the modeled reactor. 

The pressure-outlet boundary condition was specified at the bottom of the reactor. The FTS 

reaction is exothermic and if the heat of reaction isn’t removed, temperature run away will 

be taken place. In this study saturated water was used for heat removal, so heat absorbed 

by water generates steam and reactor was assumed to be isothermal. The source term (S) 

for boundary cells (walls in reaction zone) should be included as follows: 

 )()( THTHS                                        (7) 

Which )(TH   is enthalpy at temperature T  (the increased temperature due to releasing heat 

of reaction) and )(TH  is enthalpy at temperature T (the desired temperature for reaction).   

3.3. Products and rate equations  

When rate equations include in the CFD simulation, chemical kinetic calculations are very 

computer time consuming, especially for a complex reaction scheme like FTS [17]. In some 

simulation studies the complexity of the FTS chemistry has been reduced by using a set of 

global one-step reaction for selected mechanism [19]. The Fischer–Tropsch reactants and 

products which considered in this study consist of: CO, H2, CO, CO2, H2O, CH4, C2H4, C2H6, 

C3H8, n-C4H10, i- C4H10 and C5+. The following reactions listed in Table 3 are leading Fischer–

Tropsch reactions [27]: 

Table 3 List of FTS reactions   

Num. Reaction stoichiometry 

1 OHCHHCO 2423   

2 OHHCHCO 2422 242   

3 OHHCHCO 2622 252   

4 OHHCHCO 2832 373   

5 OHHCnHCO 21042 494   

6 OHHCiHCO 21042 494   

7 OHCHCHCO 2536.1296.82 96.8)(05.1896.8  
 

8 
222 HCOOHCO   

The general form of reaction rate equation is like Eq. (8) and for FTS its kinetic parameters [27] 

are given in table 4:  
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Table 4 FTS parameters of reaction rates 

 K1(mol s-1 kgcat
-1/kPa) E1(J mol-1) 

1 2.044 e-2 15693 

2 6.255 e-5 20.384 

3 3.423 e-4 1.5607 

4 5.972 e-6 164.06 

5 6.482 e-6 86.934 

6 6.482 e-6 81.753 

7 3.168 e-5 738.78 

8 3.168 e-5 5532.9 

3.4. Material properties 

The specific heat of each species was defined as piecewise-polynomial function of temperature. 

Besides to consider variation of density with temperature and composition, compressibility 

factor (Z) was calculated using Peng-Rabinson EOS and also the density of gas mixture was 

defined as follow: 

TRZ

MP
  

(9) 

Where R is the universal gas constant, MG is the molecular weight of gas mixture and P is 

the operating pressure (taken to be 17 bar). For other thermal properties of the mixture such 

as molecular viscosity, thermal conductivity and diffusivity coefficient, the relations in appendix 

were used [28]. 

The steps implemented in the solution procedure are as follows: 

1. Calculation of the gas-phase transport properties. 

2. Calculation of the density of gas mixture using Peng-Rabinson EOS. 

3. Calculation of the thermodynamic properties such as fugacity coefficients and 

compressibility factors using special subroutines. 

4. Determination of the rate of consumption of reactants and production of products per unit 

volume. 

5. Determination of the source terms for all the conservation equations. 

6. Solving the conservation equations. 

The finite volume method has been used to discrete the partial differential equations of 

the model, using the SIMPLE method for pressure–velocity coupling. 

4. RESULTS AND DISCUSSION 

The geometry and grid was created in Gambit (Figure 2), the pre-processor of Fluent. The 

geometry consists of a rectangle, 2.75m in length and 31mm in width, with uniform structured 

grids to simulate fluid flow. A parametric study was done by varying the gas inlet temperature. 

In all cases, reactor pressure and H2/CO ratio are kept constant at 17 bar and 1, respectively. 

Based on the variation of gas inlet temperatures, three set of simulations were performed. 

 

Figure 2 Mesh configuration of computational domain 

Figure 3 presents the contour of velocity in the reactor. As can be seen, in the first zone 

of the reactor the velocity has the maximum value and in catalyst region, it is decreased due 

to the pressure drop in the reaction zone. 

Figure 4 shows the mass fraction profiles of product species along the reactor length for 

the case with the inlet gas temperature of 573 K. As shown in figure 4 the mass fraction of 

product species is continuously increasing from the inlet to the outlet and there is a jump in 
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the end zone of the reactor due to the decrease in mass fraction of CO. (considering reaction 

rates, denominator is fugacity of CO). 

 
Figure.3 Contour of velocity (operating condition: T=573, P=17 bar) 
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Figure. 4. Mass fraction of species along the reactor length at T=573 

As depicted in figure 5 in the case with temperature of 563 the C5+ selectivity was less 

than the case with temperature of 573. When the temperature was increased to 583K, C5+ 

selectivity was declined because of activation of water-gas-shift reaction at this temperature 

and increasing of CO2 production. 

Based on the production of heavier products in reaction zone, density increases along the 

reactor length (Figure 7). 
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Figure. 5. Selectivity of species at different temperatures along the reactor length 

4.1. Control of the FTS temperature 

As mentioned before, the aim of this study was to analyze the conditions that the FTS 

could be conducted in a fixed-bed reactor at a reasonably high CO conversion near isothermal 

condition at any desired reaction temperature between 563 and 583 K. To this end, a series 

of CFD simulations have been carried out in which the significant result of this simulation 

study has been confirmation of the isothermicity exhibition of the fixed-bed reactor. As an 

example, figure 6 shows the distribution of temperatures along the reactor length at steady 

state condition for a simulation conducted under conditions of T=573 K, P=17 bar.  

 

Figure.6 Contour of temperature (operating condition: T=573, P=17 bar) 

As shown in this figure, temperature profiles of two cases were presented. In case 1 heat 

removal was done with saturated water and in case 2 without heat removal. As can be seen, 

the maximum difference of temperature inside the fixed-bed reactor is lower than 14K, and 

the mean temperature of the solid is about 575 K, close to the coolant. Interestingly, the tempe-
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rature of the fluid inside the catalyst zone, where the reaction takes place, is almost constant at 

about 577 K, that is well-suited. If there isn’t any heat removal in reactor, the temperature 

at the front of catalytic bed is increased to 685 K and the average temperature of the fluid in 

catalytic bed will remain on 650 K. This temperature is not suitable for catalyst performance 

and catalyst degradation will occurred. These results presage a very efficient heat exchange 

performance of the saturated water. It should be noted that the saturated water temperature 

can be controlled with pressure. The maximum change in temperature of the FTS stream inside 

the reactor from the entry to the exit is about 10–15 K (Figure 7). Therefore, almost isothermal 

FTS can be achieved by setting the operating pressure at a value which the saturation tempe-

rature of liquid water is slightly below the temperature of the FT synthesis. The pressure of 

boiling water system has to be reduced when the CO conversion increases, to have efficient 

heat-removal capacity. 

 

Figure.7 Profile of density (operating condition: T=573, P=17 bar) 

4.2. Quantitative validation 

Despite the fact that the results shown in figures 3 to 8 were used for qualitative validation 

of the model and the solution procedure, in order to ensure the accuracy of the model, quantitative 

comparison of experimental data obtained from pilot and their corresponding simulated results 

is shown in table 5. Since it was limited to use the finite number of thermocouples, (point 1: 

beginning of catalytic bed; point 2: middle of catalytic bed; point 3: end of catalytic bed) only 

three experimental data of temperatures have been obtained and compared against their 

corresponding simulated results. As this table shows, the errors at all times are less than five 

percent, since simulation is based on the CFD approach and no empirical correlation has been 

used in the simulation.  

Table 5 Comparison between measured and predicted values for the pilot-scale FTS 

processes 

 experimental  simulation Error (%) 

XCO (%) 60.7 58.59 3.476112 

C5+ selectivity (g/g feed) 18 17.29 3.944444 

Temperature at point 1(K) 588 590 0.340140 

Temperature at point 2(K) 575 573 0.347826 

Temperature at point 3(K) 573 573 0 

5. Conclusions 

The detailed kinetics is embedded into the reactor model .The non-ideal thermodynamic 

behavior of mixture is correlated by using Peng-Rabinson EOS. The reactor model is tested 
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against the measured data from pilot-scale and satisfactory agreements are found between 

predictions of model and experimental results. The numerical investigation reveals that the 

proposed model can allow us to gain a quantitative insight into the complicated fixed-bed 

FTS system. From the simulation data presented in this paper, a reactor optimization strategy 

can be deduced; operating at the highest possible conversion to achieve the maximum C5+ 

yield while minimizing temperature run away. The simulated reactor exhibited good isothermicity 

under most simulated conditions by using saturated water as heat removing system. 

Increasing of feed temperature can increase syngas conversion; however it suppresses 

remarkably the overall yield of C5+ products. Therefore the selection of feed temperature is 

important on the premier of keeping a satisfied syngas conversion for enhancement of the 

overall yield of C5+ products.   

Nomenclature 

P Pressure, bar T Temperature, K 

g gravity acceleration, m.s-2
 f fugacity, bar 

v velocity, m.s-1 ki Kinetic Constant, mol.hr-1.gr-1.bar-1 

H Total enthalpy, kJ.kg-1.s-1 Ei Activation Energy, kJ.kmol-1 

h Enthalpy of species, kJ.kg-1.s-1 R Global Gas Factor, kJ.kmol-1.K-1 

j Mass flux, kg.m-2.s-1 Mi Molecular Weight, kg.kmol-1 

q Heat flux, kJ.m-2.s-1 V Volume, m3 

S Momentum source term,  xi mass fraction 

Dij Diffusivity coefficient, D Total Diffusivity Coefficient, m2.s-1 

Ci Concentration, kmol.m3 km Thermal Conductivity, kJ.m-1.K-1 

Z Compressibility Factor   

 

Greek Letters Subscript 

ρ Density, kg.m-3 i species number 

μ Viscosity, kg.m-1.s-1 j second species number 

φi Fugasity coefficient m mixture 
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Appendix  

Thermophysical properties in the gas phase were calculated using the following relations [28]. 

Binary Diffusivity 

Fuller’s method was used to determine diffusivity: 
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Where Vi is found for each component by summing atomic diffusion volumes given in [28]. 

Gas-Phase Mixture Viscosity 

Wilke’s method has been used to determine the gas-phase viscosity. It is expressed as 
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Gas-Phase Mixture Thermal Conductivity 

Thermal conductivity of the gas mixture was determined as follows. However, an 

additional factor proposed by Mason and Saxena [29] was used: 
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Specific heat 
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