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Abstract - In the present study, a mathematical model is 

developed for centrifugal radial flow reactor for hydro 

desulphurization of naphtha with kinetics available in the 

literature. Also, an investigation into the effect of various process 

parameters like temperature, pressure, LHSV and H2/Naphtha 

ratio on the design of centrifugal radial flow reactor. Effect of the 

above process parameters on mal distribution has been evaluated 

using the mathematical model. 

Keywords: Hydro Treatment, Desulfurization, Thiophene, 

Naphtha, Modeling. 

I.  INTRODUCTION 

Naphtha hydrodesulphurization or more generally Hydro 

Treatment is done to reduce the poisonous heteroatom, e.g. S, 

N, Cl metals to limits, acceptable to reformer catalysts. Sulfur 

compounds are one of the most important hetero-atoms or 

impurities present in the petroleum fractions in organic form 

in varying amount. In addition to these, some hydrogen 

sulfide is also present and occasionally, traces of elemental 

sulfur can also be found. The types of sulfur compounds 

present in the petroleum fraction also change with boiling 

range. Organic Sulfides, disulfides, Mercaptans and 

Thiophenes are found in the lighter boiling fractions. 

Different derivatives of Thiophenes e.g. Benzo Thiophenes, 

Di-Benzo Thiophenes etc., are predominant in the heavier 

fractions. 

Hydro treating reactions require the breaking of a C-S, 

C-N, or C-O bond or saturation of C=C bond. Reaction rates 

are much faster for Mercaptans and Disulfides than 

Thiophenes. Reaction rates for Phynile Mercaptans and 

Diethyl Sulfide are about 70 times and 15 times respectively 

that of Thiophene. The commonly found heteroatoms in 

Naphtha hydrotreater feed and their reactions are given in 

table 1   

Table 1: Hydro Treating Reactions 

Compound 

Desulfurization 

BP 

(0C) 
Reactions 

N-Butyl Mercaptan 

C4H9SH 
98 C4H2SH+ H2→C4H10 + H2S 

Diethyle Sulfide 

C4H9SH 
92 C4H2SH + 2H2→2C4H6 + H2S 

Thiophene 

C4H2SH 
84 C4H4S + 4H2→C4H10 + H2S 

N-Butyle 

Mercaptan C4H9SH 
98 C4H9SH + H2→C4H10 +H2S 
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All the above reactions are exothermic and generate heat. 

However, the heat effect for straight run naphtha feed is mild 

and temperature rise is 0-6
0
C, whereas for cracked feed stock 

the rise in temperature is higher, 11-22
0
C. The hydrogen flow 

rate for straight run feed is 50-100 Nm
3
/m

3
 of naphtha and for 

cracked Naphtha feed is 300- 1000Nm
3
/m

3
 of naphtha. The 

reaction order of HDS is considered to be one and activation 

energy is about 10 k cal/mol. The catalysts for naphtha hydro 

treating are Co-Mo or Ni-Mo or Co-Ni-Mo catalysts on 

alumina support. Co-Mo catalysts are used for straight run 

feed stocks and Ni-Mo catalysts are normally preferred for 

cracked feed stocks.7u=q 

II. REACTOR DESIGN 

Naphtha hydro desulfurization reactions are carried out in 

axial flow fixed bed reactor or Radial flow fixed bed reactor. 

In axial flow Naphtha and required amount of hydrogen 

(reactants) move through a catalytic bed axially and react. In 

radial flow configuration the reactants flow radially through 

the bed of catalyst. The catalyst is packed in between two 

Co-axial cylindrical perforated baskets. As the gas flow see 

an area of 2ΠrL, its velocity will be less compared to that of 

axial flow fixed bed reactor. Hence radial flow reactors offer 

less pressure drop. Also the gas contact time with catalyst 

will be more compared to that of axial flow reactor. Hence it 

has been decided to mathematically model a radial flow 

reactor with naphtha hydro-desulfurization kinetics already 

available in the literature and check the effect of various 

process parameters on the design of radial flow reactor. A 

Mathematical model has been developed using MATLAB. 

Runge-Kutta mathematical method has been used to solve 

first order differential equations.   

Transport equations describing heat and mass transfer in 

centrifugal radial flow reactor with initial value boundary 

conditions (available in the literature) have been used in the 

design. The equations have been developed based on the 

following assumptions: 

 Heat and mass transfer in radial direction can be 

described by Pseudo homogeneous model 

 Channeling or shortcut effects do not occur. 

 The first order reaction without volume change takes 

place. 

 The physical properties of reacting gas (e.g. specific 

heat, density, etc.) are characterized by mean values. 

 Absence of gradients of concentration and temperature 

within the catalyst particle. 

 Absence of gradients in axial as well as angular 

direction. 
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 The reactor is considered to be run in the steady state. 

 Thiophene reaction has been taken as model reaction 

2.1 Design model  

A mathematical model is developed for the design of 

Centrifugal Π configuration radial flow reactor with naphtha 

hydrodesulfurization reaction. 

The catalyst volume is calculated by the following 

equation. 

 Catalyst volume (V) = 
                    

    
         (1) 

  

 Catalyst volume (V) = π/4 (R22 – R12) L            (2) 

 

Where R1 = Central pipe radius, m, R2 = Outer basket radius, 

m, L = Bed length, m.  

During the design of radial flow reactor R1 is fixed at 0.1 m 

and length L = 1m 

 

R2 is calculated using the following equation  

  

R2 = √{
 

  
    

  }                   (3)  

 

Sulfur in the form of Thiophene reacts with H2 supplied as 

per the reaction  

  

  C4H4S + 4H2    →     C4H10 + H2S                       (4) 

 

The conversion (mole %) is calculated by the following 

equation  

Conversion (mole%) = 
             –              

            
         (5) 

  

 Thiophene in (moles/s) = (kg/s)of Naphtha * wt fraction of 

           Thiophene/Mol wt of Thiophene 

                      (5a) 

Thiophene out (moles/s) = moles/s of H2S                                                                                 

                            (5b) 

The required amount of H2 is calculated by H2/Naphtha 

ratio 

Naphtha flow rate at 150C (m
3
/h) = Naphtha Feed rate 

(kg/s)/Density of Naphtha at 150C                     (6)  

The reaction rate of desulfurization is of first order with 

respect to H2S and defined as  

 

 –rH2S = k * (Partial Pressure of H2S)
n
                       (9) 

k is calculated as k = k0 *  ( 
 

 
)  

 

 
 
             (10)  

 

k0, frequency factor and (-E/R) are calculated from the 

Arrhenius plot for hydro desulfurization in light petroleum 

distillates.  

 

Partial Pressure of H2S = P * Mole fraction of H2S      (11) 

 

Mole fraction of H2S    =   
            

                            
    (12) 

 

Moles of Naphtha = Feed rate of Naphtha (kg/s)/MWNaphtha

                            (13) 

Moles of H2 = H2 flow (Nm
3
/s)*H2 density at 150C and 1 

bar pressure (kg/Nm
3
) /H2 Mol wt               (14) 

H2 density (kg/Nm
3
) = P * H2 MWThiophene/R *T         (15) 

Where, Naphtha Mol wt = 215; H2 Mol wt =2.008; 

Thiophene Mol wt = 93 

R = 0.0823 T=Temperature, K; P = Pressure, bar  

2.2   Mass Balance equations 

The mass and energy balance equations as given in the 

publication
4
 have been used in the design of radial flow 

reactor. The mathematical model for mass balances is as 

given below  

 
     

  
  (–              )                   (16) 

 

Where FH2S is molar flow rate of H2S (moles/s), r is radius 

(m), L is length of the bed (m) 

Initial boundary conditions: At r = R1 → FH2S=F0 (assumed 

as per recycle composition) 

2.3 Heat Balance equations 

The mathematical model for heat balances is as given 

below  

 

 
   

  
  

–         

     
                             (17) 

 

Where ∆H= heat of reaction in J/mol, Cp = heat capacity in 

J/kg.K 

F = moles of naphtha/s = kg/s of naphtha/Mol wt of   

   naphtha                                                     (18) 

 At r = R1; T= T0 

2.4 Pressure drop equation: 

The mathematical model for pressure drop is as given 

below 

 

 ∆p = 
         

              (
 

  
  

 

  
)           (19)  

 

Where f is friction factor which is calculated as 

 f = 0.023 Re
 – 0.25

                                             (20) 

Where Re is Reynolds number is calculated as 

 Re = 
   

 
                                                 (21)  

Where D, G are calculated by the following equations  

 

D = 2(R2 – R1);  G = 
                     

    
                 (23) 

 

Total flow (mol/s) = Naphtha mole flow + H2 mol flow  

                             (24) 

Avg Mol wt = Average molecular weight of feed 

                    = Mole fraction of Naphtha * MWNaphtha +   

Mole fraction of H2 * MWH2               (25) 
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III.  RESULTS AND DISCUSSION 

The model has been tested by keeping three process 

parameters constant and varying one process parameter for a 

capacity of 300000TPA of vis-breaker naphtha. The central 

pipe radius has been fixed at 0.1 m. The bed length has been 

varied (=1, 1.5, 2, 2.5 and 3m). In all cases the conversion has 

been fixed at 99 mole% and allowable pressure drop less than 

0.05 bar. The gas distribution in radial flow reactor has been 

quantified using a mal distribution factor (Mf) which is 

defined as the ratio of pressure drop at the bottom to pressure 

drop at the top. 

3.1 Effect of Temperature 

While studying the effect of Temperature in the range of 

(625K, 630K and 635K), other process parameters have been 

maintained at LHSV (1.0 hr-1), H2/Naphtha (50Nm
3
/m

3
) and 

Pressure (20 bar). The sulfur concentration has been 

considered as 1.23 wt%. It has been noticed from Fig.3.1and 

Fig 3.2, that temperature has no effect on outer radius and it 

varied only with bed length. The mal distribution factor in all 

the cases is more than one which signifies the presence of mal 

distribution   

 
Fig 3.1Variation of outer radius (R2) with Temperature 

at different bed lengths 

 

 
Fig .3.2 Mal distribution factor (Mf) Vs. Temperature 

3.2 Effect of LHSV  

While studying the effect of LHSV in the range of (1, 3 and 

5 hr-1), other process parameters have been maintained at 

temperature (625 K), H2/Naphtha (50Nm3/m3) and Pressure 

(20 bar). The sulfur concentration has been considered as 

1.23 wt%. It may be noticed from Fig.3.3 that with increase 

in LHSV the outer radius decreases at all bed lengths. This 

may be explained with the quantity of catalyst. As LHSV 

increases, the catalyst quantity decreases which in turn affect 

the outer radius. However the mal distribution factor is more 

than one at all bed lengths (Fig 3.4).     

 

 
Fig 3.3Variation of outer radius (R2) with LHSV at 

different bed lengths 

 

Fig 3.4 Mal distribution factor (Mf) Vs. LHSV at 

different bed lengths 
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3.3 Effect of pressure  

While studying the effect of pressure in the range of (15, 

20, 25 bar), other process parameters have been maintained at 

temperature (625 K), H2/Naphtha (50Nm
3
/m

3
) and LHSV 

(1.0 hr
-1

). The sulfur concentration has been considered as 

1.23 wt%. It has been noticed from Fig.3.5 and Fig 3.6, that 

pressure has no effect on outer radius and it varied only with 

bed length. The mal distribution factor in all the cases is more 

than one which signifies the presence of mal distribution. 

7u= 

 
Fig 3.5 Variation of outer radius (R2) with Pressure at 

different bed lengths 

 

 
Fig 3.6 Mal distribution factor (Mf) Vs. Pressure at 

different bed lengths 

3.4 Effect of H2/Naphtha ratio 

While studying the effect of H2/naphtha ratio (50, 75,100 

Nm
3
/m

3
), other process parameters have been maintained at 

temperature (625 K), pressure (20 bar) and LHSV (1.0 hr
-1

). 

The sulfur concentration has been considered as 1.23 wt%.  It 

has been noticed from Fig.3.7 and Fig 3.8, that H2/Naphtha 

ratio has no effect on outer radius and it varied only with bed 

length. The mal distribution factor in all the cases is more 

than one which signifies the presence of mal distribution. 

 

 
Fig 3.7 Variation of outer radius (R2) with Pressure at 

different bed lengths 

 

 
Fig 3.8 Mal distribution factor (Mf) Vs. Pressure at 

different bed lengths 

3.5 Performance of Process parameters  

The performance of radial flow reactor has been evaluated 

at the following parameters after studying their effect. 

Temperature: 625 K; Pressure: 20 bar; LHSV: 1.0 hr
-1

; 

H2/Naphtha ratio: 50 Nm
3
/m

3
; S concentration: 1.23 wt%  

At an outer radius of 3.5m at a bed length , conversion 

reaches to 100% (Fig 3.9) and temperature across the bed is 

around 630K (Fig 3.10) 

 

 
Fig 3.9 Conversion vs. Outer radius (R2) 
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Fig   3.10 Temperature vs. Outer radius (R2) 

 

It may be noticed from the velocity profile (Fig 3.11) that 

the mal distribution linearly increases along the radius. 

 

 
Fig   3.11 Velocity vs. Outer radius (R2) 

IV.  CONCLUSIONS  

Radial flow reactors are used in catalytic reforming, 

isomerisation and hydro desulphurization processes. 

Compared to axial flow reactor, radial flow reactor offers less 

pressure drop, low fluid velocity, better fluid contact with 

catalyst. Radial flow reactors can be used at low LHSV 

values and can accommodate large amount of the catalyst at 

less pressure drop. 

A mathematical model for centrifugal radial flow reactor 

for hydro desulphurization of naphtha was developed with 

kinetics available in the literature. The effect of the various 

process parameters on the outer radius at different bed 

lengths has been investigated. 

It has been observed that pressure, temperature and 

H2/Naphtha ratios have marginal effect on outer radius and 

depends mainly on bed lengths. With increase in LHSV the 

outer radius decreases at all bed lengths. The mal distribution 

factor in all the cases is above one. It may be concluded that 

other geometric parameters such as open areas of outer basket 

and that of central pipe need to be looked for correcting mal 

distribution in radial flow reactors. 

V.  FUTURE WORK  

Process parameters such as LHSV, Pressure, Temperature, 

H2/naphtha ratio has no effect on mal distribution. A flow 

dynamic model need to be developed and a study is required 

to investigate the geometrical parameters such as central pipe 

open area, outer basket open area, annular gap. 
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