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On the other hand, it is interesting to introduce the Reynolds number in order to characterise the 

flow. In a mixing tank, where there is no bulk velocity, the Reynolds number is given as the 

mixing Reynolds number: 

 µρ 2DNRem ⋅⋅=
 (11.3) 

In the torus reactor, the Reynolds number can be calculated by the equation: 

 µρ DURe ⋅⋅= 0
 (11.4) 

with the values of U0 obtained in previous results. In the case of batch torus reactor, the relation 

between Re and Rem is given by (Legrand 1997):  

Rem>4500-5500  Re = 0.1109·Rem
1.16 (11.5) 

Rem<4500  Re = 0.0027·Rem
1.59 (11.6) 

These equations were obtained for a square-sectioned torus reactor of 0.1 L. Figure 11.9 shows 

the correlations of Reynolds number as a function of the mixing Reynolds number for a torus 

reactor and also the results obtained by numerical prediction. The results are in agreement with 

the predicted correlations, especially for Reynolds numbers higher than 1000, however, for 

lower values of the mixing Reynolds number numerical results were slightly higher than the 

predicted ones. 
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Figure 11.9. Variation of the Reynolds number as function of the mixing Reynolds number. 

In the same way, it was possible to obtain a correlation between the mixing Reynolds number 

and the Reynolds number. The relationship is given in equation 11.7. 

 2106950 .
m·Re.Re =  (11.7) 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF A TORUS BIOREACTOR FOR THE ENZYMATIC ELIMINATION OF PHENOL 
Laura Mariela Pramparo 
ISBN:978-84-691-8842-2/DL:T-1269-2008 



Chapter 11. Numerical simulation 

 129 

This relationship was obtained for values of N ranged between 200 and 3000 rpm and for 

Reynolds numbers between 550 and 13700. It is noticed that there is no breakdown in this 

relationship, that it linear in the studied range. 

Finally, it was determined the behaviour of the axial component U of the mean velocity for a 

monitor area located at different distances from the impeller and for different impeller rotation 

velocities. The figure 11.10 presents the behaviour of U for z/Lz ranges between 0 and 0.75 and 

for velocities between 200 and 3000 rpm. 
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Figure 11.10a. Position of the monitoring areas in the torus reactor. 
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Figure 11.10b. Axial velocity for Z/Lz=0.00. Figure 11.10c. Axial velocity for Z/Lz=0.25. 
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Figure 11.10d. Axial velocity for Z/Lz=0.50. Figure 11.10e. Axial velocity for Z/Lz=0.75. 
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As it can be seen in the figure, the bulk velocity and the axial velocity profile increased with the 

impeller rotation speed. At z/Lz=0.00, the axial velocity profiles described a null middle zone that 

corresponded to the impeller wall, and maximum axial velocities after this area in both 

directions. The axial velocities decreased towards both reactor walls, the internal (x=13.5 mm) 

and the external (x=38.5 mm). A maximum axial velocity of around 1.1 was achieved with an 

impeller rotation speed of 3000 rpm. The maximum axial velocities in the other areas (z/Lz=0.25, 

0.50 and 0.75) were lower due to the non presence of the impeller. In the case of z/Lz=0.25, the 

presence of high turbulence could probably explain the lower values of maximum axial 

velocities compared with the last two areas (z/Lz=0.5 and 0.75). For zones situated far from the 

impeller (z/Lz=0.50 and 0.75), the centrifugal force, induced by the bend configuration, shifts the 

maximum velocity towards the outer part of the bend curvature. 

 

11.5.2. Influence of the impeller rotation velocity on the flow-field inside the 
reactor 

The presence of the impeller generates different flow profiles inside the reactor, depending how 

far or not is the impeller. In figure 11.11, the velocity contours were analysed for two different 

impeller rotation velocities. As it can be seen in the figures, different velocity contours are 

generated depending of the impeller velocity for the same location of the test. As higher the 

impeller rotation is, the turbulence inside the reactor is increased as is shown for 200 and 3000 

rpm. Also, for the same impeller velocity, it is obtained different profile of velocities depending if 

the test is located close or far from the impeller. The impeller generates a swirl flow with a high 

circumferential velocity, which decreases along the flow path to tend a pure axial flow (Pruvost 

et al. 2004b). 

 

11.5.3. Determination of the mixing time in batch 

By definition, the mixing time is the time necessary to achieve the total homogenisation in the 

concentration inside the reactor. In this study, the mixing time, Tm, was determined by 

monitoring the evolution of the tracer concentration into the reactor. The figure 11.12 gives an 

example of the time-variation of the concentration for an impeller rotation speed of 1500 rpm. 

The relative height of the peaks and their number depend on the axial dispersion into the 

reactor. With a high axial dispersion, the reactor is mixed during one circulation, thus, peak 

values will decrease faster and consequently less time is needed for obtaining a homogenous 

mixture. After a given time, corresponding to the mixing time, the tracer is totally homogenised 

and the concentration inside the reactor reaches a constant value. Moreover, Tm is defined as 

the time to achieve the final concentration obtained at the final dilution, Cfinal, with a variance 

value of 5%. 
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Figure 11.11. Velocity contours inside the reactor for two different impeller rotation speed and different 
positions. 

On the other hand, the mean circulation time corresponds to the time between two consecutive 

peaks on the response curve.  
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Figure 11.12. Example of mixing time determination: time evolution of the normalized concentration 

averaged on the monitored surface (z/Lz = 0.25, N = 1500 rpm). 

Figure 11.13 depicts the variation of the mixing time as a function of the impeller rotation speed. 

As it can be seen in the figure, the mixing time decreases rapidly with the increase of the 

impeller rotation speed. 

0

5

10

15

20

25

0 400 800 1200 1600 2000 2400 2800 3200
N (rpm)

M
ix

in
g 

T
im

e 
T m

 (
s)

 
Figure 11.13. Mixing time numerical prediction: evolution of the mixing time with the impeller rotation 

velocity. 

As expected, the same trend was obtained by Pruvost et al. (2006) working with a 

photobioreactor of 1.3 L volume. 
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The maximum value of the mixing time was calculated to 21s for a speed of the impeller rotation 

of 200 rpm. Even for small impeller rotation speeds, mixing time can be considered sufficiently 

short to achieve rapid concentration homogeneity in the reactor. After an impeller velocity value 

of 1200 rpm, a mixing time smaller than 5 s is necessary to achieve a total homogenisation 

inside the reactor. In terms of circulations, the mixture needed 3.4 turns to obtain a 

homogenous concentration inside the reactor using an impeller rotation speed of 200 rpm. 

Likewise, it took 8.7 turns for an impeller rotation speed of 1000 rpm and 12.3 turns for an 

impeller rotation speed of 3000 rpm to obtain a total homogenous concentration of the mixture 

inside the reactor. 

Another important parameter to be analysed is the dimensionless mixing time Tm
*, defined by 

(Harnby 1997): 

 mm TNT .* =
 (11.8) 

where N is the impeller rotation velocity. This parameter is important because it allows a 

comparison with classical geometries, like mixing tanks, where this parameter is found to be 

independent of the Reynolds number when turbulent regime is achieved (Harnby 1997). Figure 

11.14 presents the values of Tm
* for impeller rotation speeds varying from 200 rpm to 2000 rpm. 

As it can be seen in the figure, Tm
* is found to be constant for values of N higher than 1200 rpm, 

corresponding to a Reynolds number of 5800 and to a fully turbulent regime (Benkhelifa et al. 

2000).  A better mixing is obtained in turbulent flow due to a better dispersion, but the energy 

consumption is also greater. Generally, a compromise has to be found. 
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Figure 11.14. Numerical prediction: dimensionless mixing time. 
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On the other hand, the visualisation of the mixing along a single revolution for the tracer can be 

seen in figure 11.15. As it can be seen in the figure, the tracer cloud is time-dispersed. 

 

11.6. Results of the CFD study in continuous mode 

11.6.1. Mean velocities and circulation times 

The mean velocity is defined as the average velocity of all the particles inside the reactor. The 

mean velocities in continuous were obtained into the reactor using a CFD analysis. Due to the 

presence of inlet and outlet flow, the continuous regime can lead to different hydrodynamics 

with respect to the batch one. The relation between N and U0 could be modified due to the 

effect of the entering flow rate through the inlet. This entering flow rate can modify the U0 by 

increasing it or by decreasing it due to a possible effect in the circulation. Table 11.1 presents 

the results obtained for the mean circulation velocities U0 into the reactor for different impeller 

rotation speeds ranged from 0 to 2000 rpm and, for different flow rates, varying from 180 to 

1200 ml/h. As it can be seen in the table, the mean velocities inside the reactor increased with 

an augment in the impeller rotation velocity. Also, the inlet flow rate has a small influence on the 

mean velocity except for small agitation speeds. With the higher inlet flow rates the mean 

velocities are lightly smaller, may be due to the perturbation of the flow inside the reactor. 

Finally, for all flow rates, the results are mainly dependent on the impeller rotation speed, the 

same behaviour was observed in batch conditions.  

Table 11.1. Mean circulation velocities (m·s-1) into the reactor for different impeller rotation speeds. 

Speed U0 (m·s-1) 

 Continuous 

N (rpm) 
Batch 

Q=180 ml·h-1 Q=400 ml·h-1 Q=900 ml·h-1 Q=1200 ml·h-1 

0  0.0002 0.0005 0.0008 0.0012 

200 0.0224 0.0256 0.0257 0.0256 0.0258 

400 0.0538     

500 0.0744 0.0784 0.0784 0.0782 0.0781 

600 0.0915     

800 0.1302    0.1285 

1000 0.1766 0.1848 0.1856 0.1850 0.1838 

1200 0.2247   0.2322 0.2225 

1500 0.2971 0.3024 0.3026 0.3019 0.2919 

1800 0.3518 0.3754 0.3754 0.3751 0.3617 
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Figure 11.15. Example of mixing in a single revolution for N = 800 rpm and different times. 
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On the other hand, figure 11.16 presents the mean circulation times in batch and continuous 

conditions for a flow rate of 1200 ml/h and different impeller rotation speeds. As it can be seen 

in the figure, the differences between batch and continuous conditions are very low, both curves 

having the same behaviour and similar to that presented by Benkhelifa et al. (2000). Only a 

slight difference can be observed for low rotation speeds. 
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Figure 11.16. Mean circulation times obtained for batch and continuous conditions for different impeller 

rotation speeds and for a flow rate of 1200 ml/h. 

Moreover, the circulation time can be defined as the time necessary for a fluid element to 

traverse a torus reactor loop. The circulation time was studied for continuous and also for batch 

reactors. For the continuous reactors, the mean circulation time was denominated tcc, for the 

batch reactors, it was called tcb. This study was carried out in order to determine the effect of the 

inlet flow rate into the circulation inside the reactors.  

For a given speed, the figure 11.17 presents the evolution of the ratio between tcc and tcb, as a 

function of τ/tcc, where τ is defined as: 

 
Q

V=τ
 (11.9) 

The ratio between the residence time, τ, and the mean circulation time in continuous mode 

characterised the importance of the inlet flow rate on the circulation. The tcc/tcb ratio was nearly 

equal to 1.1 for high values of τ/tcc, and less than 1 when the rotation speed was low (less than 

800-1000 rpm). This fact indicates that the hydrodynamics inside the reactor were perturbed in 

particular conditions, for small values of N, or for high values of Q, depending of the ratio 

characterised by τ/tcc. 
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Figure 11.17. Comparison of the mean circulation time in continuous and batch conditions as a function of 

the τ/tcc ratio for different flow rates. 

Finally, the impeller rotation velocity plays a major role in the hydrodynamics. Figure 11.18 

presents the comparison of the mean circulation time in continuous and batch conditions as a 

function of the impeller rotation speed for different flow rates. As it can be seen in the figure, 

below a given value of the rotation speed, all feeding flow rates in continuous conditions have 

an influence on the circulation inside the reactor, which is accelerated. At high impeller rotation 

speed, more than 1000 rpm, the inlet flow rate had no influence on the circulation, giving the 

same tcc/tcb ratio.  

Benkhelifa et al. (2000) reported a diminution in the mean circulation time, especially important 

when the value of τ/tcc is smaller than 20 (tcc/tcb < 0.8). In this work, the inlet injection was in the 

same direction of the flow circulation, favouring the circulation inside the reactor. Unlike this, in 

the case under study, the inlet injection was perpendicular to the circulation flow. This important 

change might explain the reduction in the effect of the inlet flow rate, and thus, this could not be 

observed in this study.  
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Figure 11.18. Comparison of the mean circulation time in continuous and batch conditions as a function of 

the impeller rotation speed for different flow rates. 

 

11.6.2. Influence of the inlet flow rate on the flow inside the reactor 

The influence of the inlet flow rate on the flow structure in the entrance of the reactor was 

investigated. By the conception of the experimental reactor, the flow inlet is set perpendicular to 

the reactor and has thus a small influence. Depending of the impeller rotation speed, the 

circulation time inside the reactor can even be increased or decreased. For small values of N, 

feeding flow rate accelerated the circulation inside the reactor, on the contrary, deceleration of 

the flow circulation was observed for values of N > 1000 rpm.  

Figure 11.19 presents the differences in the flow structures due to the influence of the inlet flow 

rate. In this figure, it is possible to see the velocity contours inside the reactor and the flow rate 

leads to a negligible perturbation at small flow rate of 180ml/h and a higher for high feeding flow 

rates of 7200 ml/h. The same trend was observed when the velocity vectors are depicted. 

However, such operating conditions correspond to the two extreme cases, lowest and highest 

flow rates available experimentally, the influence on the flow structure in normal operating 

conditions remains limited. The reactor hydrodynamics in continuous regime will be mainly the 

result of the influence of the impeller rotation. 
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Figure 11.19. Modification of the flow structure due to the feeding injection. Velocity contours inside the 

reactor for a) 200 rpm, 180 ml/h and b) 200 rpm, 7200 ml/h. Velocity vectors showing the 
flow disturbance c) 200 rpm, 180 ml/h and d) 200 rpm, 7200 ml/h. 

 

11.7. Influence of the inlet flow rate position on the mixing time in continuous 

The hydrodynamic study of the torus reactor in continuous mode has been evaluated and 

presented in section 11.6. In order to improve the reactor performance, it was investigated the 

influence of the inlet flow rate on the hydrodynamic characteristics in the reactor. 

Different geometries were used to determine the influence of the position of the inlet flow rate 

varying its location onto the reactor. The outlet was kept in the same position, at φ=180º from 

the impeller, for all the cases. Inlets were placed at: φ=-68º for the original grid, φ=-112º for grid 

1, φ=-90º for grid 2 and φ=90º for grid 3. For all cases, the geometry of the reactor and the outlet 

was constant and then, the inlet was placed in the desired position. Due to the change in the 

inlet position, a different geometry and grid were obtained for each case. The different 

configurations studied and the angular differences between the inlet and the outlet are shown in 

figure 11.20.  

a) b) 

c) d) 
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Figure 11.20. Different configurations for the inlet flow rate. 

The figures 11.21 show the mixing time obtained for each configuration and for two different 

inlet flow rates, 180 and 1200 ml/h. 
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Figure 11.21a. Mixing time obtained for grid 1. Figure 11.21b. Mixing time obtained for grid 2. 

As it can be observed in the figures, only a small difference in the mixing times is observed for 

small values of impeller rotation speeds (200 rpm). For higher velocities of rotation, negligible 

differences have been found for the different configurations. Therefore, the inlet flow rate 

position has not influence on the hydrodynamic of the torus reactor and the flow inside the 

reactor when the entrance of the flow in located in a perpendicular form to the flow circulation 

inside the reactor. 
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Figure 11.21c. Mixing time obtained for grid 3. 

Also, the flow rate has not influence on the flow inside the reactor in the studied ranges. These 

results can be compared with those obtained by Benkhelifa et al. (2000), where they have seen 

perturbation of the flow when the inlet flow rate is located in a parallel form respect to the 

reactor, where the inlet flow rate benefits the circulation inside the reactor. 

 

11.8. Comparison with a circular-sectioned torus reactor in batch conditions 

A new geometry and grid were created for the torus reactor but using a circular-sectioned 

reactor. Figure 11.22 shows the mesh of the torus reactor with a circular section. 

 
Figure 11.22. Grid for the circular-sectioned torus reactor. 

For this, the same methodology was kept as in section 11.1. In this case, the regular part of the 

reactor was created using the default toroidal geometry available in Gambit, however, in order 

to include the impeller, the irregular part had to be modified and rebuilt to be compatible with the 

rest of the geometry. Once the geometry was finished, the mesh was created resulting in a 

regular mesh in ¾ of the reactor and an irregular mesh for the quarter that contained the 

impeller. The used impeller corresponded to the geometry described in section 11.1. The 

resulting mesh with 328691 cells has been tested.  

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF A TORUS BIOREACTOR FOR THE ENZYMATIC ELIMINATION OF PHENOL 
Laura Mariela Pramparo 
ISBN:978-84-691-8842-2/DL:T-1269-2008 



Chapter 11. Numerical simulation 

 142 

The mean bulk velocities inside the circular-sectioned torus reactor were determined using 

CFD. As can be seen in figure 11.23, the mean velocities in the circular-sectioned reactor 

showed the same trend than the square-sectioned torus reactor. 
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Figure 11.23. Mean bulk velocities in the circular-sectioned torus reactor. 

As it can be observed in the figure, negligible differences were observed comparing square and 

circular-sectioned torus reactor. This fact can be due to the small volume of the reactor and the 

high turbulence generate inside it. 

Different flow profiles are generated inside the reactor depending where the test is located 

respect to the impeller. Figures 11.24 show the flow profiles for two different impeller rotation 

velocities, 200 and 2000 rpm. As it can be seen in the figures, different velocity contours are 

generated depending of the impeller velocity for the same location of the test. As high the 

impeller rotation is, the turbulence inside the reactor is increased. Also, for the same impeller 

velocity, it is obtained different velocity profile depending if the test is located close or far from 

the impeller. A decaying swirl flow is generated by the impeller. The swirl intensity decreases 

with the circumferential distance from the impeller. 
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Figure 11.24. Flow profile in the circular-sectioned torus reactor at different positions. 

 

11.9. Scale-up of the torus reactor volume 

Finally, a scale-up to 300 ml of the square-sectioned torus reactor was realised with a new 

mesh of 1126746 cells. The geometry and mesh for this new torus reactor were made in the 

same way the geometry and mesh of the reactor from section 11.1 were created. Due to the 

impeller, a regular mesh was difficult to apply to the entire geometry. The reactor was divided in 

 N = 200 rpm N = 2000 rpm Velocity magnitude 
(m·s-1) 

Z/Lz=0 

  

Z/Lz=0.25 

  

Z/Lz=0.50 

 
 

Z/Lz=0.75 

  

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF A TORUS BIOREACTOR FOR THE ENZYMATIC ELIMINATION OF PHENOL 
Laura Mariela Pramparo 
ISBN:978-84-691-8842-2/DL:T-1269-2008 



Chapter 11. Numerical simulation 

 144 

two different zones: the marine impeller vicinity, which was meshed using tetrahedral volumes 

and prisms; and the remaining part of the reactor that was meshed with regular elementary 

hexahedral volumes. The impeller used in this study was the same presented in section 11.1. 

Figure 11.25 presents the geometry and the mesh for the reactor of 300 ml. 

 
Figure 11.25. Mesh of the 300 ml square-sectioned torus reactor. 

To compare the performance of the 300 ml reactor, the mean bulk velocities were calculated. 

The mean velocities inside the reactor are shown in figure 11.26. 
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Figure 11.26. Mean bulk velocities in the 300 ml square-sectioned torus reactor. 

As it can be seen in the figure, the mean velocities obtained for the 300 ml square-sectioned 

reactor presented a linear relation between U0 and the impeller rotation speed. These mean 
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velocities were higher compared with the ones obtained for the 100 ml square-sectioned 

reactor. 

A higher volume of the reactor, with a bigger impeller, could be the reason for this behaviour. 

The impeller for this case had an external diameter of 25 mm and an internal diameter of 7 mm, 

keeping the same pitch angle. In comparison with the empirical equation obtained by Belleville 

et al. (1992) for a torus reactor with circular section, the mean velocities obtained in this case 

were slightly smaller. It is possible that the flow in the model used by Belleville et al. (1992) that 

consisted of four flanged smooth bends without straight lengths of pipes with a total volume of 2 

L, behaves in a similar way than in this 300 ml square-sectioned torus reactor. This might be 

possible supposing that large diameter reactors behaves in a similar way. 

On the other hand, the Reynolds and the Reynolds mixing numbers for the 300 ml reactor were 

also calculated and are presented in figure 11.27. A linear relation between the Reynolds and 

the Reynolds mixing numbers was obtained. This relation is comparable to the one obtained for 

the 100 ml torus reactor (eq. 11.7), thus, the same approximation was used.   

 Re = 0.0695·Rem
1.2 (11.7) 

In the same way a linear relation was obtained for the 100 ml torus reactor, the 300 ml reactor 

presented a linear relation without the breakdown point presented by Legrand et al. (1997).  
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Figure 11.27. Reynolds vs. Reynolds mixing number in the 300 ml square-sectioned torus reactor. 
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11.10. Conclusions 

The characterization of the flow-field in a torus reactor of 100 ml similar to the experimental 

reactor was carried out for two different configurations, batch and continuous reactor. In batch 

conditions, a linear evolution of the mean circulation velocities with respect to the impeller 

rotation speed was obtained, as it was already determined by Belleville et al. for a circular-

sectioned torus reactor.  

The mixing time values obtained in all hydrodynamic conditions were short, less than 21s in all 

studied cases, to achieve rapid concentration homogeneity into the reactor. The dimensionless 

mixing time was determined and was found to be independent of the Reynolds number when 

the impeller rotation speed is greater than 1200 rpm (Re > 5800). Thus, fully turbulent regime 

should be obtained into the torus reactor from these values of Reynolds number, achieved from 

N = 1200 rpm. 

In continuous mode, the torus reactor can exhibit a more complex behaviour, due to the 

perturbation of the inside flow by the feeding injection (acceleration or deceleration of the flow 

circulation in the reactor). This was shown for particular conditions of impeller rotation speeds 

and feeding flow rates. For common operating conditions, the hydrodynamics is however mainly 

a function of the impeller rotation speed. Further study will quantify influence of such 

perturbation in the case of enzymatic conversion using the torus reactor in continuous regime. 

When different inlet flow rates are compared in order to determine the best configuration to be 

used, only a small difference in the mixing times was observed for small values of impeller 

rotation speeds (200 rpm). For higher velocities of rotation, negligible differences have been 

found for the different configurations. So, it could be deduced that when the flow inlet in located 

in a perpendicular form to the flow circulation inside the reactor, it has not influence on the 

hydrodynamic of the reactor. 

A circular-sectioned torus reactor was tested by CFD to compare the performance with a 

square-sectioned one. Negligible differences were found due to the small volume of the reactor 

and the high turbulence generate inside it. 

Finally, a 300 ml square-sectioned reactor was studied by CFD. This reactor seems to be more 

effective than the 100 ml one because it presents higher bulk velocities and similar to those 

predicted by the empirical equation proposed for a torus reaction with circular section. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF A TORUS BIOREACTOR FOR THE ENZYMATIC ELIMINATION OF PHENOL 
Laura Mariela Pramparo 
ISBN:978-84-691-8842-2/DL:T-1269-2008 



Chapter 12. Modelling the enzymatic reaction with CFD 

 147 

Chapter 12. Modelling the enzymatic reaction with CFD 

This chapter presents a numerical approach of the enzymatic elimination of phenol using CFD. 

Different alternatives are analysed and the most relevant results are summarised.  

 

12.1. Numerical approach 

To validate the numerical simulation of the torus reactor, the enzymatic reaction of phenol with 

HRP was also modelled using CFD. To allow the validation, the kinetics of the enzymatic 

reaction was coupled with the flow study. To do this coupling, the reaction option has to be 

activated in the software and various species as reactants, products and enzyme, have to be 

defined. Their transport is therefore represented with the flow-field. 

Then, the reaction mechanism has to be defined to simulate the enzymatic reaction. For this, 

two different strategies were studied. In the first one, while the enzyme concentration was kept 

small, only two reactions were taken into consideration, and in this case, the reaction 

mechanism defined in Fluent was: 

 E+H2O2 => C1+H2O (12.1) 

 C1+PhOH => E+PhO•+H2O (12.2) 

where C1 represents an active intermediate form of the enzyme E. 

The second strategy was studied because inhibition of the reaction was found for some initial 

concentrations of the reagents. In this case, the reaction mechanism was basically the same, 

with the equations 12.1 and 12.2 but, adding a third reaction necessary to take in account the 

step of the inhibition of the enzyme. Then, the reaction mechanism was: 

 E+H2O2 => C1+H2O (12.1) 

 C1+PhOH => E+PhO•+H2O (12.2) 

 E+H2O2 => Ei+H2O (12.3) 

where Ei represents the inactive form of the enzyme. 

The next step was the definition of the reaction rate in Fluent by the utilisation of a user-defined 

function (UDF). To do this, it was necessary to write a small program in C language and 

coupling it to Fluent using the UDF utility. The reaction rate was defined in the UDF utility using 

the kinetic parameters obtained experimentally. After that, a patch (assignation of an initial 

value to variables into different cells) was done for each initial concentration of the reagents into 

the reactor. Finally, to simulate the enzymatic reaction, it was used the kinetic model with 

inhibition by H2O2 and taking into account the influence of the phenol initial concentration, 

presented in the section 5.4.3. 
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The simulations were carried out in unsteady-state mode, by solving the transport equations for 

each reactive and for the local enzymatic reaction rates. The phenol conversion was determined 

in each case by monitoring the species concentrations versus time. 

 

12.2. Numerical simulation of the reaction using the global kinetic model 

12.2.1. Simulation of the reaction using the mechanism without inhibition 

In a first phase of the study, it was used the mechanism of the reaction described only by 

equations 12.1 and 12.2. In this case, the inhibition of the enzyme was not taken in account. 

The figures 12.1, 12.2 and 12.3 present the influence of the H2O2 initial concentration on the 

phenol conversion for an initial phenol concentration of 0.5, 1.1 and 1.6 mM respectively. 
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Figure 12.1. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor without inhibition. [Phenol]0: 0.5 mM and [HRP]0: 2•10-4 mM. 

As it can be seen in the three figures, the phenol conversion reached a maximum value after 

few minutes for each H2O2 initial concentration and then, remained more or less invariable. The 

conversion of phenol increased when the H2O2 initial concentration was raised until a maximum 

value of conversion was reached. After this point, if the H2O2 initial concentration was 

increased, the final phenol conversion was decreased and the reaction had a slower initial 

reaction rate. 
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Figure 12.2. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor without inhibition. [Phenol]0: 1.1 mM and [HRP]0: 2•10-4 mM. 
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Figure 12.3. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor without inhibition. [Phenol]0: 1.6 mM and [HRP]0: 2•10-4 mM. 

On the other hand, the phenol conversion curves present a similar behaviour than those 

observed in the experimental work, shown in section 5.2 (figures 5.3, 5.4 and 5.5 respectively). 

The simulated phenol conversions are in agreement with the experimental ones but only, for an 

H2O2 initial concentration that remained below the optimal value. When this value is reached, 

the phenol conversions are overestimated. 
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12.2.2. Simulation of the reaction using the mechanism with inhibition 

In a second step, the reaction described by equation 12.3 was included in the mechanism of the 

reaction. In this case, the inhibition of the enzyme was taken in account. The figures 12.4, 12.5 

and 12.6 present the influence of the H2O2 initial concentration on the phenol conversion for an 

initial phenol concentration of 0.5, 1.1 and 1.6 mM respectively. 
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Figure 12.4. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor with inhibition. [Phenol]0: 0.5 mM and [HRP]0: 2•10-4 mM. 

As it can be seen in the figures, a good agreement with the experimental data was obtained for 

values of H2O2 initial concentrations higher than the optimal value (figures 5.3, 5.4 and 5.5 

respectively). For smaller values of H2O2, an underestimation was observed for the phenol 

conversion in all cases. 

Therefore, it would be necessary to combine two mechanisms in order to well simulate the 

enzymatic reaction for all values of H2O2 initial concentrations. In this sense, a mechanism 

without inhibition of the enzyme has to be applied below the optimal value of H2O2 initial 

concentration and a mechanism taking into account the inhibition of the enzyme has to be 

applied above. 
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Figure 12.5. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor with inhibition. [Phenol]0: 1.1 mM and [HRP]0: 2•10-4 mM. 
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Figure 12.6. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 

reactor with inhibition. [Phenol]0: 1.6 mM and [HRP]0: 2•10-4 mM. 

The figures 12.7, 12.8 and 12.9 present the influence of the H2O2 initial concentration on the 

phenol conversion for an initial phenol concentration of 0.5, 1.1 and 1.6 mM respectively, with 

both mechanisms used. 
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Figure 12.7. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 
reactor calculated with both mechanisms. [Phenol]0: 0.5 mM and [HRP]0: 2•10-4 mM. 
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Figure 12.8. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 
reactor calculated with both mechanisms. [Phenol]0: 1.1 mM and [HRP]0: 2•10-4 mM. 

Using simultaneously, the two different mechanisms, a better agreement was obtained in all 

cases with the experimental data of the phenol conversion (see figures 5.3, 5.4 and 5.5 

respectively). 
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Figure 12.9. Influence of the H2O2 initial concentration on the simulated phenol conversion in the torus 
reactor calculated with both mechanisms. [Phenol]0: 1.6 mM and [HRP]0: 2•10-4 mM. 

 

12.3. Numerical simulation of the kinetics of the reaction 

The simulated initial reaction rates were calculated from the simulated curves of phenol 

conversion using the model with the mechanism with inhibition of the enzyme. The figures 

12.10, 12.11 and 12.12 present the influence of the H2O2 initial concentration on the simulated 

initial reaction rates for an initial phenol concentration of 0.5, 1.1 and 1.6 mM respectively. 

As it can be seen in the three figures, the simulated initial reaction rates are significantly in 

agreement with the experimental values for the three initial concentrations of phenol. The 

relative difference between simulated and experimental values is comprised in the range of 2 to 

20%, while the higher variation is always obtained for the lower H2O2 initial concentration, where 

the difference is elevated. Moreover, in the three figures again, the simulated values fit better 

the kinetic model than the experimental values. 

All these results validate the effectiveness of the coupling of the kinetic model obtained 

experimentally with the model of the torus reactor obtained by CFD. This fact proves that the 

CFD is a very useful tool to predict results of conversion and reaction rates without the 

necessity to make both extensive and expensive experimental research. 
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Figure 12.10. Influence of the H2O2 initial concentration on the Steady-state initial rates of phenol 

oxidation. Fitting and CFD obtained by the Michaelis-Menten model with inhibition. 
Experimental conditions: [Phenol]0: 0.5 mM, [HRP]: 2·10-4 mM, pH 7 and temperature of 
20ºC. 
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Figure 12.11. Influence of the H2O2 initial concentration on the Steady-state initial rates of phenol 
oxidation. Fitting and CFD obtained by the Michaelis-Menten model with inhibition. 
Experimental conditions: [Phenol]0: 1.1 mM, [HRP]: 2·10-4 mM, pH 7 and temperature of 
20ºC. 
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Figure 12.12. Influence of the H2O2 initial concentration on the Steady-state initial rates of phenol 
oxidation. Fitting and CFD obtained by the Michaelis-Menten model with inhibition. 
Experimental conditions: [Phenol]0: 1.6 mM, [HRP]: 2·10-4 mM, pH 7 and temperature of 
20ºC. 

 

12.3. Conclusions 

Optimization of enzymatic elimination of the phenol process in a torus reactor requires an 

understanding of the complex enzymatic reactions of phenol under various process conditions. 

The CFD model developed in the study made it feasible to analyze such complex behaviour. By 

coupling a kinetic model of the enzymatic reaction to flow simulation, optimization of torus 

reactor hydrodynamics can be envisaged so as to eliminate phenol. In this study, a good 

agreement was obtained between experimental data of enzymatic elimination of phenol and its 

numerical simulation using CFD. 
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PART IV. Conclusions and future work  

Chapter 13. Conclusions 

The enzymatic elimination of phenol has been studied in a torus reactor. The most relevant 

conclusions are: 

• Experimental results show that the enzymatic process is a good option to treat phenolic 

compounds. 

• The maximum phenol conversion is 97% when the optimal concentrations of substrates 

are used. 

• It is observable an inhibition of the enzyme when high concentrations of hydrogen 

peroxide are employed. 

• The performance of the torus reactor is compared with a stirred reactor. The enzyme 

activity is identical in both reactors. 

• A lower removal of phenol is obtained using the stirred tank reactor. 

• Higher initial reaction rates are obtained using the torus reactor. This fact can be related 

to a more efficient mixing of the reactants in the torus reactor. 

• The kinetic model and the parameters are determined for both reactors. A kinetic model 

that takes into account the initial phenol concentration, the initial hydrogen peroxide 

concentration and the inhibition of the enzyme is obtained. 

• A good method for the covalent immobilisation of the enzyme is achieved. This method is 

a new alternative for the HRP immobilisation. 

• The activity of the immobilised enzyme is lower than the activity of the free enzyme; 

however, a higher degree of phenol conversion is obtained using a lower concentration of 

enzyme. 

 

The hydrodynamic characterization of the torus reactor in batch and continuous conditions has 

been carried out by numerical simulation using CFD. The mainly significant conclusions are: 

• In batch conditions, the influence of the impeller rotation speed provokes a linear 

increase of the mean circulation velocity. 

• The mixing time values are in all cases brief, less than 21s, achieving a rapid 

homogeneity of the concentration into the reactor. 

• The dimensionless mixing time is independent of the Reynolds number when the impeller 

rotation speed is greater than 1200 rpm (Re > 5800), thus, fully turbulent regime is. 

• In continuous mode the hydrodynamic is mainly a function of the impeller rotation speed. 

UNIVERSITAT ROVIRA I VIRGILI 
STUDY OF A TORUS BIOREACTOR FOR THE ENZYMATIC ELIMINATION OF PHENOL 
Laura Mariela Pramparo 
ISBN:978-84-691-8842-2/DL:T-1269-2008 



Chapter 13. Conclusions 

 158 

• The location of the flow inlet in the reactor has no influence on the hydrodynamics. 

• For low impeller rotation speeds, only a small difference is observed in the mixing times. 

For higher speeds, there are negligible differences in the mixing times. 

 

Finally, the enzymatic elimination of phenol is modelled using CFD by the coupling between the 

experimental kinetic model and the flow-field characterisation of the torus reactor. The principal 

conclusions are: 

• The CFD numerical simulations have a very good agreement with the experimental data. 

• Again, the reaction rates reached by numerical simulation are extremely close to the 

experimental. 

• The good agreement between experimental and simulation allows the possibility to 

predict the experimental results. 

• These results allow the possibility to optimise and scale-up the process using the CFD. 
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How to continue the work 

The continuation of the work has to have some guidelines. 

• After the promising results of the removal of phenol in the torus reactor with immobilised 

enzyme, the next step of study will be to drive an open configuration with the torus 

reactor containing immobilized enzymes working in continuous flow. 

• The integration of membranes in the process to separate the products of reaction. 

• The modelisation of the continuous torus reactor and of the whole process by CFD. 
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