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The effect of heat and mass transfer at the external surface of catalyst particles on steady states 
of non-isothermal, non-adiabatic continuous stirred, tank reactor is studied on a mathematical 
model for the exothermic first order reaction. Examples are given on behaviour of the reactor 
when there exist three steady states of the reactor. The results of calculations are verified experi-
mentally in a laboratory reactor for the reaction of oxygen with hydrogen. The possibility of exis-
tence of isolated branches of steady reactor states (so-called isol) has been proved experimentally. 

The behaviour of a reactor can be affected for an exothermic catalytic reaction 
by heat transfer between the reaction mixture and the heat carrier as well as 
by the imperfect mass and heat transfer at the external surface of the catalyst 
particle (further on referred to as: the external mass and heat transfer). In chemical 
literature is described in detail the behaviour of an isothermal and adiabatic reactor 
for the exothermic non catalyzed or homogeneously catalyzed reactions1 ~ 8 , 1 4 ~ 1 6 . 
These reactors represent the limiting cases of behaviour. Only in some papers also 
the effect of heat transfer between the reaction mixture in a reactor and the surround-
ing b a t h 9 - 1 0 ' 1 8 was studied. Simultaneous effect of external mass and heat transfer 
on behaviour of the reactor has not yet been studied. 

THEORETICAL 

In the reactor an exothermic first order reaction takes place. It is assumed that the 
reaction rate is a function of partial pressure of a single reactant A and of tempera-
ture at the external surface of the catalyst particle 

= W a s e x p (E(TS - T00)I(RT00TS)) . (2) 

The effect of external heat and mass transfer on the reaction rate is described by a me-
thod identical to that applied in the last study11 . The result is the dimensionless 
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relation for the reaction rate on composition and temperature in the reactor 

Rfi = (PA - RM exp (e ^ + ) . (2) V J \ 1 + Rp<PQ + AT J w 

The individual parameters 0, $ and Q were discussed in the papers published ear-
l ier 1 1 - 1 2 . It is also assumed that the reactor is operated as an ideally stirred reactor 
in steady state and that the physico-chemical properties of the reaction mixture 
at the reactor inlet and outlet are identical. After transformation into a dimensionless 
form, the balances of component A and of heat in the reactor are given by the rela-
tions 

Rfi Da = 1 -PA, (3) 

RpQQ = A T(B + 11 A) - AT0jA , (3a) 

where Da is the modified Damkoehler's number 

Da = WRT00r00l(FpA0) . (4) 

In these equations A is the parameter characterizing the ratio of the heat transferred 
from the external surface of catalyst particles into the reaction mixture and the heat 
transferred from the reactor into the bath 

A = WkhaJ(Ph), (4a) 

and B is the parameter characterizing the ratio between the heat carried away by the 
reaction mixture at the reactor outlet and the heat transferred from the external sur-
face of catalyst particles into the bulk of mixture 

B = Fcpyl(Wkbam) (4b) 

and 5 is the dimensionless adiabatic input of thermal energy 

S = ATad/T00 = <PQl(Da.B) . (4c) 

For numerical solution of the system of Eqs (2), (3) and (3a) is advantageous to com-
bine these equations into a single one which is then valid for behaviour of the whole 
reactor 

(1 - RV Da - exp \e + + + 1 - gfi - 0 
L 1 + RP<I,a + (AKP'iQ + AT0)/(I + AB)] 

( J ) 
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This equation has been solved numerically on the Computer Tesla 200 by the regula 
falsi method. 

EXPERIMENTAL 

The reaction between hydrogen and oxygen (with air) was used as the model reaction. 
The catalyst was platinum on alumina (0-3 weight percentage of Pt) in the form 
of pellets 4-5 . 4-5 mm. The reactor volume was 11-3 cm3 and was insulated by poly-
styrene (the reactor bath was thus surrounding the reactor). In the reactor was 
situated the propeller mixer 10 mm in diamater rotating at 400 r.p.m. The measure-
ment has been performed at atmospheric presure and laboratory temperature (tem-
perature of the reactor's environment) in the range of hydrogen concentrations with 
air from 0 to 5 volume %. During the experiment were measured in steady state 
the temperature of the reaction mixture in the reactor, temperature in the centre 
of catalyst particles and hydrogen concentration in the mixture at the reactor outlet. 
The analytical method and measurement of temperature of particles is described 
in detail in the last publication17. 

In each measurement, the hydrogen concentration at the inlet was fixed and then 
the temperature of the reaction mixture in the reactor, temperature of the catalyst 
particles and hydrogen concentration in the mixture at the reactor outlet were mea-
sured at constant rate, temperature and feed concentration. As soon as the measured 
quantities were constant, the values corresponding to steady states were measured. 
Temperature of the feed and of the environment laboratory were identical. The 
measurements were performed at various feed rates, the obtained results were 
the dependence of reaction rate and of temperature difference between the particle 
and the bulk of reaction mixture on the degree of conversion of hydrogen. 

For the given geometrical arrangement of the reactor its behaviour could have 
been affected by changes of hydrogen concentration in the feed, heat and mass 
transfer itensity at the external surface of catalyst particle and by changes of hydro-
dynamic conditions in the reactor (by changing the position of the catalyst particle 
in respect to the mixer). 

RESULTS AND DISCUSSION 

In nonisothermal nonadiabatic reactor where the effect of imperfect external heat 
and mass transfer is of prime importance, the course of exothermic reaction is af-
fected by the twofold autothermic effect. It is manifested both by superheating of the 
bulk of reaction mixture in respect to the surrounding bath as well as by super-
heating of the catalyst particles in comparison to the bulk of reaction mixture. The 
ratio of heat transfer intensity between the reactor and the bath and the heat removed 
by the reaction mixture is decisive for the role of superheating of the bulk of reaction 
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mixture (in the considered mathematical model characterized by the product of para-
meters A and B). The state of the reactor as concerns this heat transfer can vary 
between two limiting states. The first is the isothermal reactor (the product of para-
meters AB is very small) while the second state is the adiabatic reactor (the value 
of product is large). In both limiting states the behaviour of the reactor (dependence 
of the reaction rate on composition of the reaction mixture in the reactor) is inde-
pendent on the feed rate of the reaction mixture. This is because from the mathema-
tical model all quantities in which the feed rate appeared were eliminated. Thus for 
determination of steady states of the reactor graphical solution can be used12. 

In nonisothermal nonadiabatic reactor which operates between two limiting states 
both cooling mechanism of the reaction mixture are made use of while the ratio 
of both components of heat removed from the reactor depends on the feed rate. At 
large feed rate the controlling mechanism is the adiabatic cooling (removal of heat 
by the outlet reaction mixture) while at low feed rate the removal of heat through the 
reactor wall into the media is prevailing. Thus behaviour of the reactor at high feed 
rates (small degree of conversion of the reactant) is close to the adiabatic reactor 
and at small feed rates (large degree of conversion) close to the isothermal reactor. 
The effects which can appear in the nonisothermal, nonadiabatic reactor can be 
therefore estimated if the behaviour of the isothermal and adiabatic reactors are 
known. 

The behaviour of the isothermal reactor with the effect of external mass and heat 
transfer was studied in the preceding paper12. It was found that the reaction rate 
increased (in reactions with the positive reaction order) with the increasing con-
centration of the reactant. Due to the autothermal effects on the catalyst particles 

120 
"7" 

Effect of Hea t Transfer Intensity Between the 
the Reac tor and Bath on Steady States of 
Noniso thermal Nonad iaba t i c Cont inuous 
Stirred Tank Reac tor 

0 = 25, 0 = 0-008, Q = 0-4, A r 0 = 0, 
B = 20 (Da 0-0001); 1 diffusion region, 
2 kinetic region, 3 A = 8, 4 5, 5 2, 6 1, 7 0-5. 

F I G . 1 
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a considerable increase in the reaction rate can take place in a narrow interval 
of concentrations. Sometimes as many as three states of particles exist at one con-
centration. The existence of three steady states of particles is the necessary though 
not sufficient condition for the existence of multiplicity of reactor states (as long as 
the multiplicity of states of particles is not shifted into the region of large conver-
sions). There can exist at one feed rate as many as three steady states of the reactor. 
The phenomenon appears which is known as the "ignition" and "extinction". 
The extinction takes place by an increase in the conversion, ignition by its decrease. 
Multiplicity of steady states of the reactor of this type are further-on called the iso-
thermal multiplicity. 

F I G . 2 

Effect of Heat Transfer Intensity Between the 
Reactor and Bath on Steady States of Noniso-
thermal Nonadiabatic Continuous Stirred 
Tank Reactor 

0 = 3 O , & = 0 01, Q = 0-5165, AT0 = 0, 
B = 20/Da = 0 001); 1 diffusion region, 2 ki-
netic region, 3 A = 50, 4 5, 5 1, 6 0-1, 7 0-001. 

F I G . 3 

Effect of Feed Temperature on Steady States 
of the Reactor for Examples Given in Fig. 1 

A = 0-5; 1 diffusion region, 2 kinetic re-
gion, 3 A T0 = 0-4, 4 0-05, 5 0-10. 
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In the adiabatic reactor for an exothermic reaction the reaction rate might in-
creased conversion of the reactant13. This phenomenon can be observed at low 
conversions and is the result of the effect of increase in temperature of the mixture 
on the reaction rate. Under certain conditions there can exist at one feed rate as many 
as three steady states of the reactor. When the effect of external mass and heat 
transfer in an adiabatic reactor is significant there can exist the region of conversions 
in which at one conversion the particle has three steady states. The multiplicity 
of states of particle is at the same time the sufficient condition for multiplicity of states 
of the reactor. Extinction takes place due to decreasing degree of conversion, ignition 
by its increase. The multiplicity of steady states of the reactor of this type is called 
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the adiabatic multiplicity. Superheating of catalyst particles is introducing a new 
situation into the behaviour of the reactor in the region of adiabatic multiplicity. 
It is the existence of multiple states at one conversion. Without considering the super-
heating of the particles multiple states can exist at one feed rate but not at one con-
version. 

From the given survey is obvious that the simultaneous effect of superheating 
of the bulk of reaction mixture in the reactor and the catalyst particle enables forma-
tion of a very wide spectrum of behaviour of the nonisothermal non-adiabatic reactor. 
At increasing the feed rate (decreasing the value of the Damkoehler number) the states 
of the reactor are transferred into isothermal states at the temperature of the bath 

FIG. 7 
Example of Experimental Dependence of Re-
action Rate on Conversion of Hydrogen for 
Feed Concentrat ion CHq = 7-93. 1 0 - 4 mol/1 

Other conditions are identical with those 
in Fig. 5. 

F I G . 6 

Example of Experimental Dependence of 
Tempera ture Difference Between the Catalyst 
Particles and the Bulk of Reaction Mixture 
on Conversion of Hydrogen for Feed Con-
centrat ion CHq = 8-357 . 1 0 ~ 4 mol/1 

Other conditions are identical with those 
in Fig. 5. 
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to the adiabatic reactor at the temperature of the feed. There can exist both the multi-
plicity of states of the reactor of isothermal type and of the adiabatic type or of both 
simultaneously. 

The calculated examples of steady states of reactors are given in Figs 1 and 2. 
Both these examples differ in the significance of the effect of external mass and heat 
transfer and the shape of the rate equation of the reaction (temperature dependence 
of the rate constant). At a small cooling intensity through the wall of the reactor 
(large value of the parameter A) there exists a multiplicity of the calculated de-
pendence both of the isothermal and the adiabatic type. In the case of smaller signi-
ficance of the effect of external mass and heat transfer (Fig. l), both types of multi-
plicities are inside the interval of conversions of the reactant in the range from zero 
to one. In the case of more profound effect of external mass and heat transfer 
(Fig. 2) the part of the region of multiplicity of adiabatic type is already beyond 
this interval and one of the points is missing. The possibility of simultaneous existence 
of both types of multiplicity has been predicted by Van Heerden1 and was confirmed 
theoretically on a mathematical model of nonisothermal nonadiabatic continuous 
stirred tank reactor for an exothermic reaction in the homogeneous phase by Furu-
sawa and Nishimura10. 

With increasing cooling intensity of the reactor through the wall both multiplicities 
merge and form separate steady states of the reactor (forming an isola) where the 
ignition point does not exist but where exist two points of extinction. Extinction 
takes place both by increased and decreased 'conversion. It is possible to bring the 
reactor into steady states with large reaction rates on the isola only by deeply af-
fecting its regime. Finally, at a very high cooling intensity through the reactor wall 
these isolas disappear and the reactor behaves as isothermal. 

Q . o r 

0-15 

005 

Fig. 8 
Example of Experimental Dependence of Re-
action Rate on Conversion of Hydrogen for 
Feed Concentration c„ = 1-047. 1 0 - 3 

mol/1 

- 3 

0 0-4 x 0-8 
Other conditions are identical with those 

in Fig. 5. 
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The behaviour of the reactor is also dependent on the relation between the tem-
perature of the bath and the temperature of the feed. Increasing temperature of the 
feed in comparison to the temperature of the bath the multiplicity of the adiabatic 
type slowly disappears and the transfer of the regime of catalyst particles into the 
diffusion region takes place (Figs 3 and 4). On the contrary with decreasing feed 
temperature the behaviour of the reactor is closer to the behaviour of the isothermal 
reactor. 

It can be expected that the discussed phenomena can be encountered in practice 
e.g. in the rocket technique or in the catalytic purification of the exhaust gases. 

The made experiments have proved the possible existence of most of the discussed 
cases. The examples of the measured results are given in Figs 5 to 8. Under the given 
design conditions it was possible to affect the behaviour of the reactor by selection 
of the inlet concentration of hydrogen. The dependences which prove the possibility 
of existance of both types of multiplicities of steady states of the reactor, are mea-
sured in a relatively narrow range of the inlet concentration. As the catalyst is always 
changing its activity in dependence on time, it is possible to expect that at one inlet 
concentration the one type of dependence will be transferred into the second. In agree-
ment with this conclusion is also explained the fact that the sequence of individual 
types is not kept up with regard to the values of the inlet concentration. 

The analysis of stability of steady states of the reactor is not discussed in this 
paper. But from the results given in the last paper12 results that in case when the 
most important capacity of the system is the thermal capacity of catalyst particles, 
all steady states are stable with the exception of saddle points i.e. with the exception 
of steady states of the reactor, which are the middle ones from three possible at one 
feed rate. Position of these unstable steady states of the reactor were estimated from 
the experimental temperature of catalyst particles below which the regime of the 
reactor transfers into the kinetic region and above it into the diffusion region. 

LIST OF SYMBOLS 

A parameter defined by Eq. (4a) 
am external surface of catalyst particles in a unit of mass 
B parameter defined by Eq. (4b) 
CH0 hydrogen concentration in the feed into the reactor (mol/1) 
CP specific heat of the mixture 
Da Damkoehler number (Eq. (4)) 
E activation energy of reaction 
F volumetric feed rate of mixture into the reactor 
AH heat of reaction 
h heat transfer coefficient f rom the reactor into the bath 
kG\ mass transfer coefficient at the external surface of catalyst particles 
K heat transfer coefficient at the external surface of particles 
^ 0 0 rate constant at temperature T00 

Collection Czechoslov. Chem. Commun. [Vol. 40] [1975] 



3328 JiraCek, Hordk 

P area of heat transfer in the reactor 
pA, pA0, pAs partial pressures of the reactant in the bulk of reaction mixture, in the feed and 

on the external surface of particles 
pA = pA/pA0 dimensionless partial pressure in the bulk of the reaction mixture 
r00 reaction rate at temperature T00 and pressure pA0 under conditions when the effect 

of external heat and mass transfer is eliminated 
rR reaction rate (mol /g r a t h) 
R gas constant 
R0 = r R / r 0 0 dimensionless reaction rate 
T temperature of the bulk of reaction mixture (K) 
T0 temperature of bath (K) 
T00 temperature of feed (K) 
Ts temperature of the external surface of particles (K) 
AT= (T — T00)/T00 dimensionless temperature of the bulk of reaction mixture 
AT0 = (T0 - T00)/T00 dimensionless temperature of the bath 
AT s = (Ts — T00)/T00 dimensionless temperature of the external surface of particles 
A r s d adiabatic increase in temperature 
W mass of catalyst (g) 
x degree of conversion 
y density of mixture 
6> = E/RT00 dimensionless activation energy 
^ = r0C>/^GAam/7A0 dimensionless parameter 
£2 = (— AH) kGApA0/khT00 dimensionless parameter 
9 dimensionless adiabatic rise in temperature (Eq. (4c)) 
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