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Modelling of a trickle bed reactor with strong exothermal reaction 
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Abstract 

In this study the solution of the model for the single particle vertical string of catalyst spheres is compared to the experimental 
data obtained for cyclohexene hydrogenation over a palladium active carbon supported extruded catalyst. Special attention was 
paid to the concentration distribution of the gaseous component in the flowing film of the reaction mixture and inside the catalyst 
pellets along the string. 

1. Introduction 

In many situations the behaviour of the trickle 
bed reactors is influenced by a liquid reaction mix- 
ture maldistribution which makes possible a for- 
mation of dry zones or even hot spots when a 
strongly exothermal reaction occurs in a reaction 
system. Fundamental investigations of heat and 
mass transfer effects on a reaction proceeded in a 
porous catalyst particle trickled with liquid under 
defined hydrodynamic conditions are usually car- 
ried out utilizing a simplified theoretical model 
that consists of the vertical string of spherical cat- 
alyst particles. In papers [ 1,2], this model was 
firstly employed for an isothermal case study. The 
extended non-isothermal model solved in the 
paper [ 3 ] can serve as a simple tool for the eval- 
uation of the effects of a liquid film thickness 
change and a partial liquid evaporation with 
respect to internal temperature gradients of a cat- 
alyst pellet and for estimation of the hot spot 
appearance in the trickle bed reactors, which were 
recently observed [4]. 

* Corresponding author. 

0920-5861/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSD10920-5861 (95)00004-6 

There are several mathematical models of com- 
pletely [1-3] or partially [5-8] wetted catalyst 
particles which may exist in the trickle bed reac- 
tors. Each of those models is based on many 
assumptions and is forced to use simplifications 
in order to solve the complex equation systems. 
Only few experiments were carried out to eluci- 
date the relation of heat and mass transfers under 
defined hydrodynamic circumstances close to 
those of the trickle bed reactors [ 1,9]. These 
experiments were focused on measurements of 
overall conversion under well defined wetting 
effectiveness and scarce data on heat transfer were 
obtained. 

In order to investigate heat transfer among and 
within the catalyst particles in the trickle beds, it 
is necessary to construct a string of the catalyst 
particles with a temperature detection in different 
locations, and a non-destructive fixation. Experi- 
ments arranged in such a way confirmed a pseudo- 
isothermal behaviour of the catalyst string during 
the liquid phase reaction regime [ 9 ]. 
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2. Theoretical 

2.1. Assumptions of reactor model 

(1) Let us consider a steady, pseudo-isother- 
mal, and isobaric system consisting of a vertical 
column of porous spheres having constant radii in 
gas (hydrogen) atmosphere, wetted by a liquid 
reaction mixture containing dissolved gas, hydro- 
genated substrate, and reaction product. (2) The 
liquid flows down the external surface of spherical 
porous catalyst particles in the form of a laminar 
film. (3) The liquid is introduced on the first 
sphere with uniform inlet concentration of dis- 
solved gas. (4) The concentration of the dissolved 
gas in the film at the gas-liquid interphase is equal 
to its equilibrium value for a given temperature 
and pressure. (5) The transport of gas across the 
film is induced by diffusion and in the direction 
of the film flow by convection only (diffusion 
transport in the direction of the film flow can be 
neglected). (6) The reaction taking place in the 
catalytically active porous sphere is irreversible, 
of first order with respect to the dissolved gas and 
of zero order with respect to hydrogenated sub- 
strate. (7) The region of contact in between two 
adjacent spheres, filled with liquid meniscus is 
symmetric with respect to a horizontal plane 
through the contact point and its liquid volume is 
stagnant. (8) The average thickness of the film is 
of several orders of magnitude smaller than the 
radius of the sphere. 

2.2. Convective diffusion in flowing film 

The mass balance written for a volume element 
of the liquid in the film (see [2,3] ) in dimension- 
less form yields following partial differential 
equation governing the pseudo-isothermal mass 
transfer: 

(O~Yp2)+NveP(p2-l)sin-5/3(O)(~o)=O (1) 

Eq. ( 1 ) has to be supplemented with boundary 
conditions according to the assumptions deter- 
mining the solution of the problem: 

Y(p, Oo) = Yo(P) (2) 

Y(0,O) = 1 (3) 

(O~pp)=-clgexsin-:/3(O)Y(1,O) (4) 
~o~1 

in which pc(0,1) and Oe(Oo, qr-  Oo). 

2.3. Internal mass and heat transfer in catalyst 
sphere 

Simultaneous diffusion and exothermal reac- 
tion inside the catalyst pellet for an adiabatic sit- 
uation can be described in spherical coordinates: 

+ p - - +  sin(O) 
0p 2 0p p2sin(O) 

=~inYex l + / 3 ( 1 - Y ) ]  (5) 

Boundary conditions correspond to the assump- 
tions of the model: 

p = 0  (OY/Op)=O (6) 

p=  1 Y(1,O) = l - A + A c o s ( O )  (7) 

The relation between temperature and concen- 
tration for the adiabatic case is defined by follow- 
ing invariant: 

0= 3/3(1 - Y) (8) 

where 13 and Y are dimensionless heat of reaction 
parameter and activation energy, respectively. 
Thus, the pseudo-isothermal solution for an indi- 
vidual spherical catalyst pellet can be extended to 
the non-isothermal string of catalyst pellets by the 
step by step change of the inlet temperature from 
one sphere to the next one depending on the extent 
of the reaction conversion and heat release on 
previous upper catalyst pellets. 

2.4. Numerical solution 

The system of parabolic and elliptic partial dif- 
ferential equations was solved using the finite dif- 
ference method. The solution accuracy was 
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Fig. 1. Concentration fields in liquid film. Yo = 1; Np~P=3.9; 
/3=0.02; 3,=7; q~in= 15; r/,,=0.13; q:ex= 1.3; ~/,x=0.54. 
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Fig. 2. Concentration fields inside the first spherical catalyst pellet. 
1Io = 1; Np~P= 3.9; /3=0.02; 3 '=7; qbin= 15; "thn= 0.13; q~ex= 1.3; 
r/ex = 0.54. 

checked using the half step procedure applied both 
to the liquid film and the catalyst sphere. 

The model was solved for the string of several 
catalyst spheres until the concentration profiles 
reached their equilibrium values. The examples of 
concentration fields both outside and inside the 
first catalyst pellet computed with input data based 
on our experimental conditions are given in Figs. 
1 and 2. The corresponding equatorial concentra- 
tion profiles both in the flowing film and in the 
catalyst pellet are given in Figs. 3 and 4. Similar 
results were given by the model solution for next 
spheres in the string. 

The effectiveness factor of external diffusion 
limitation in flowing film follows from the con- 
centration profile along the external surface of the 
catalyst pellet, thus: 
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Fig. 3. Equatorial concentration profile in liquid film on first catalyst 
pellet (parameters see Fig. 1 ). 

0 . 4 0  

f 0 , 2 0  

0 . 0 0  I I f I ¢ ; , 

O . O  0 . 2  0 , 4  O . 6  0 . 8  1 , 0  

R a d i a i  c o o r d i n a t e  

Fig. 4. Equatorial concentration profile inside first catalyst pellet 
(parameters see Fig. 2). 
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Fig. 5, External effectiveness factor versus Thiele modulus for first and nth pellets (other parameters see Fig. l ). 
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Fig. 6. Internal effectiveness factor versus Thiele modulus for first and nth pellets (other parameters see Fig. 2) 
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Fig. 7. External effectiveness factor along string of catalyst pellets for different values of product Npe °. 
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q T  

r/cx = 1 / Y [  1,0] sin( O)dO (9) 

o 

Similarly an effectiveness factor for internal dif- 
fusion can be evaluated from the concentration 
field inside the sphere: 

2i( '~p~w lsin( O)dO 

(10) : r  

rli"- cr~i.f Yl l,O]exp[.lYl3( l -  Y[1,O] ) " ] . 3  ~-~i i - _ -~ ) , j s , n  (O)dO 
0 

Values of both integrals were computed using the 
trapezoid procedure. 

The dependencies of the effectiveness factors 
on external and internal Thiele moduli for the 
experimental system are plotted in Figs. 5 and 6, 
respectively. The results correspond to the iso- 
thermal model solution for both the first and the 
nth spheres in the string where the effectiveness 
factors reached their equilibrium values. The 
example of reaching the equilibrium state for the 
string of the catalyst pellets is given in Fig. 7, 
where the lower curve belongs to experiments 
made in this study. It is clear, when the liquid flow 
rate is five times increased, i.e. there are Peclet 
numbers and the simplex P for the product is 
increased, the system reaches the equilibrium 
regime much more slowly, see the upper curve in 

Table 1 
Comparison of experimental and numerical data 

Parameter Model solution Experimental 

First sphere nth sphere 

~ex 1.25 1.25 - 
r/e X 0.54 0.37 0.40 
q,,, 15 53 - 
7/i n 0.13 0.013 0.014 
K (m/s)  5.7×10 -1° 5.7×10 -1° 12.0× 10 -1° 

N p c P = 3 . 9 ;  /3=0 .02 ;  3 ,=7.1;  R = 2 . 8  mm; Deff=D/lO; 
D = 2 × 1 0  -s  m2/s. 

Fig. 7. The influence of this product on the internal 
effectiveness factor is very slight. 

There is a solution of the adiabatic reaction 
regime for the first sphere given demonstrated in 
Fig. 8, showing dependencies of internal effect- 
iveness factor on Thiele modulus. It is clear that 
the increase of the value of the parameter fl ena- 
bles an initiation of the catalyst particle centre 
overheating and under certain circumstances a for- 
mation of multiple steady states in the catalyst 
pellet is possible. But in the liquid reaction regime 
which was experimentally investigated in this 
study the reaction heat parameter fl reached the 
very low value of 0.02 for which the multiple 
steady states and the hysteretic behaviour do not 
exist. 
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Fig. 8. Internal effectiveness factor versus Thiele modulus for different values of reaction heat parameter. 
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3. Experimental 

3.1. Apparatus and reaction conditions 

Theoretical results were confronted to experi- 
ments in which the hydrogenation of cyclohexene 
on palladium on the charcoal catalyst (3% Pd/C, 
cylindrical extrudates, length 9 mm, diameter 4 
mm) was used as a model reaction. Kinetics of 
this reaction were studied in detail in previous 
papers [ 10-12] and corresponded to the assump- 
tions mentioned above. The trickle bed reactor 
consisted in a fixative wire spiral of a triangular 
cross section in which the catalyst extrudates (25) 
are placed. The thermostated glass jacket of the 
reactor enables to control visually the wetting effi- 
ciency of the extrudates. Gas-liquid feed inlet 
(hydrogen max. 30 1/h and cyclohexene 1 mol/ 
h) was led through a needle to the top of the first 
extrudate. Cyclohexene was typically used in con- 
centration of 100%, and the string of the particles 
was wetted by cyclohexane prior to the reaction. 
All runs were carried out in the temperature range 
from 50 through 80°C, and under atmospheric 
pressure. Under such conditions the extrudates 
were completely wetted. Temperatures were 
measured by means of thermocouples made of 
copper-constantan wires connected with a digital 
data logger. Cyclohexene conversion was deter- 
mined by routine GLC analysis. The model trickle 
bed reactor was described in detail in [9]. 

3.2. Comparison to model solution 

The mathematical model was solved for the 
radius of the sphere with equivalent volume to 
catalyst extrudate; other data relating to experi- 
mental conditions are given in Table 1. The only 
adjustable parameter was the kinetic constant of 
hydrogenation. Comparison of the measured 
apparent kinetic constant value to the theoretical 
one, for which computed effectiveness factors of 
external and internal diffusion were closed to the 
experimental data [ 10-12] is shown in Table 1. 
It is seen from the results that the experimentally 
determined kinetic constant is somewhat higher. 

This is due to slightly different arrangements of 
the experiment which data are being compared. 
There were catalyst extrudates of cylindrical 
shape and with a nonuniform radial palladium dis- 
tribution inside them used for the experiments. 
Both the model solution and the experimental 
results showed that the hot spots observed in the 
trickle bed reactors probably are not formed as a 
result of heat and mass transfer effects on liquid 
phase reaction but they are likely the product of 
the liquid reaction mixture maldistribution which 
makes possible to form the dry unwetted catalyst 
pellets on which the reaction between volatile sub- 
strate and gaseous component can proceed. The 
transition of the reaction to the gas phase regime 
is supported by the sudden increase of the diffu- 
sion coefficient and of the reaction heat parameter. 
Similar conclusions were drawn in ref. [3]. 

4. Conclusions 

The strong mass transfer limitation of the reac- 
tion proceeding in liquid phase suppresses the for- 
mation of steep temperature gradients inside the 
catalyst pellets. Thus, the pseudo-isothermal 
model, solved in this paper, adequately describes 
the behaviour of the catalyst pellets under liquid 
film cover. 

During experiments there was no evidence 
about the formation of partially wetted catalyst 
pellets even though the cyclohexene hydrogena- 
tion represents a strong exothermal reaction (AH 
= - 112.5 kJ/mol).  

5. Symbols 

Co feed concentration 
(mol /m 3) 

D, D~ff diffusion coefficient 
in film and catalyst, 
respectively (m2/s) 

E activation energy 
(kJ/mol) 
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A H  

K , K '  

Nv~ = WoSo / D 
P =  So/ R 
r 

R 

To 
So 

Wo 

Y = c~ Co 

= CO( --  A H ) D e f f / A e f f  

T = E / R T o  

A = [ Y(1,0) 
- Y(l,Tr) ]/2R 

T~ex, Tlin 

reaction enthalpy 
(kJ/mol) 
reaction rate constant 
related to sphere 
geometric and specific 
surface, respectively 
(m/s) 
Peclet number 
geometrical simplex 
radial coordinate (m) 
sphere radius or gas 
constant (m or kJ/ 
tool K) 
inlet temperature (K) 
equatorial (minimal) 
thickness of film (m) 
equatorial (maximal) 
phase velocity of 
liquid (m/s) 
dimensionless 
concentration 
reaction heat 
parameter 
dimensionless 
activation energy 
external concentration 
gradient 
effectiveness factor of 
external and internal 
diffusion, respectively 

O, Oo 

0 = E( T -  To)/RTo 

Aeff 

p = r/So or r /R  

~ex = K So/ D 

c19in = R~/ ( K' / Oeff) 

angular coordinate, of 
meniscus 
dimensionless 
temperature 
effective thermal 
conductivity of sphere 
(W/m K) 
dimensionless 
coordinate 
external Thiele 
modulus 
internal Thiele 
modulus 
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