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ABSTRACT 

Temperature overshoots and undershoots were found for a Pd on alumina Catalyst pellet in its cour- 
se towards a new steady state after a change in concentration of one of the reactants ethylene or 
hydrogen. When cooling the pellet, aiter heat-up by reaction, with pure hydr0gen.a sudden tempera- 
ture peak appears aPter a short time. 
A mathematical model is introduced, which can explain the over- and undershoots by slow ad- or 
desorption on the active sites of the Catalyst of one of the reactants. 
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INTRODUCTION 

In our laboratories we investigate the behaviour of the adiabatic bed reactor, in which the acety- 
lene in the ethylene stream from an ethylene cracker is hydrogenated. The catalyst consists of 
cylindrical alumina pellets with 0.08 wt X Pd. The reactor for this process in industry is known 
to be rather unstable tending to runaways, if not controlled very careiully. During our investiga- 
tions we found for the reaction between hydrogen and ethylene that the catalyst - in the course of 
going after a concentration change Prom one steady state to a new one - does not approach the new 
steady state exponentially, as we would expect. but exhibits a temperature overshoot. We have 
reported previously [1.2] on this unfamiliar phenomenon and also have proposed a possible explana- 
tion and a model to describe these overshoots. We assumed Por this reaction an Eley-Rfdeal mecha- 
nism. in which chemisorbed hydrogen reacts with ethylene in the gas phase; we further postulated 
that the ethylene slowly adsorbs on the active sites of the catalyst. Slowly the active sites are 
partly blocked by the inert ethylene and consequently also the reaction rate is slowly reduced 
until1 the adsorption equilibrium Is reached. In the initial period, when only a low amount of 
C2Hq has been adsorbed, the reaction rate is high and the temperature of the catalyst pellet. 
which is being heated up by the reaction, passes through a maximum. Beyond the maximum the reac- 
tion continues to be slowed down by the adsorption. 

In Fig. 1 we give a sketch of the experimental apparatus used: in Fig. 2 some experimentally ob- 
served temperature-time curves are shown For the catalyst pellet if alternatingly a reaction mix- 
ture or inert gas is passed through the apparatus. We see that Por the reaction between ethylene 
and hydrogen the overshoots are reproducible. 

In order to test a model for this temperature overshoot by experiments, we must have a reliable 
correlation for the heat and mass transfer aoefficients between the catalyst pellet and the gas 
flowing around it. Much work has been done [3] on heat transfer to cylinders (like tube bundles 
in heat exchangers) but we could not find a reliable heat transfer correlation for a single cylin- 
drical pellet and the gas flowing around it in the axial direction. We decided to determine the 
heat transfer coefficients directly by first heating up the cylindrical pellet by reaction and 
then cooling it with several inert gases. From the cooling curve the heat transfer coefficient can 
be derived. During these experiments we found new, rare phenomena. In this paper we now will dis- 
cuss in detail the model used to interpret the overshoots, 
yet reported [1.2] on. 

and describe the phenomena, we have not 
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Fig. 1. The experimental set-up. 

MATHEMATICAL DESCRIPTION OF THE DYNAMICS OF A 

A reproducibility test for the overshoot. 
Cooling by nitrogen; heating by reaction 
OP 30 vol.% C2HQ. 20 vol% H2 and 50 vol$ 
N2i gas Plow rate 0.21 m/s. 

CYLINDRICAL CATALYST PELLET 

TO describe the klnetias of the reaction between hydrogen and ethylene, we have previously postu- 
lated 

!! 

1.21 an Eley-Rideal mechanism. in which chamiaorbed H2 reacts with ethylene in the gas 
phase 4.51. Due to a slow adsorption of ethylene the number OP aotive sites available for hydro- 
gen is gradually reduced and oonsequently the reaction rate is slowed down. In this case the rate 
expression would be: 

R" _ "' 'Ei RH2 

in which CEi is the ethylene conoentration in the gas phase at the catalyst 8urPace and 8H the 
a 

fraction of the active sites covered with hydrogen. In our case: 

KH CHi 

RN2 - ' + %I% + KEcEs 

where CEsls the concentration OP the adsorbed ethylene blocking the active sites and CH1 the con- 
oentration of hydrogen at the interface in the gas phase. At equilibrium mCE1 - 'Es' in which m 
is the distribution coefficient. Now in case KHCHI* KNCEs >> 1, we can write: 

1 

*H2 - ’ + =Es 
in whfoh K = KE/KHCHi. The mass transfer ooeftiolent OP hydrogen is higher than that of ethylene, 
so that E, _ CH 

i 
is assumed to hold, which implicates that the hydrogen concentration approximate- 

ly remains cons ant. For the mass transport of ethylene to the catalyst surface we have: 

koR(E, - CEi) - Ii" - - 

For the slow adsorption of ethylene blocking the active sites a mass balance gives: 

= k(CRi - (2) 

in which k is the adsorption rate constant. The heat balance of the particle leads to the expres- 
sion: 

egs $- = (- AHr)R“ - a(Ti - T) - acTi - T '1 131 

in which Ti is the temperature of the particle and %! of the bulk of the gas flowing around the 
pellet. In our case the length of the cylindrical pellet equals its diameter. 
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The equations (1) to (3) can be made dimensionless. so that we obtain: 
* 

B(Cf: - C;, - B(> $ A - C;, 

with 

A- 

A(1 ) 

A( 2)- .!Ly$EL. = A*(2)exp( 
and with the initial conditions: 

- J+- - (Ti- T) - Q (Ti 4_T4) 

A(1) + A(2)*C; 

kGE 
=l?s- - A*(l)exp(E,/Ti) - 

Ti - 
c; = 

1 - exp( 

(4) 

(5) 

(6) 

TiO 

C* 
(7) 

SO 

Here C* TR is a reference temperature and T the time con- 
stant P 

= CEs/mEH , Ti = Ti/ TR and 8 = t/r. 
or the coo ing of the catalyst pellet: r - PO d /6a. Further 5; - T/ T 

a number of dimensionless groups appears, which det&&ine the dynamic behav our 5' 
In these equations 

of the catalyst 
These groups are: 

the ratio of the time constant of the rate of adsorption of ethylene on the active 
sitesat that of the rate of cooling of the pellet. 

(-AHr)kGEEE, is the dimensionless maximum temperature difference over the boundary layer 
=Tr 

around the pellet. 
aT 3 

- 2, 
PartiSle. 

a measure for the potential contribution of the radiation to the heat loss from the 

A, the ratio of mass transfer coefficient to the kinetic constant. As follows from Eq.(l) A is 
also equal to the ratio of the gas concentration of ethylene at the catalyst surface to the con- 
centration difference over the boundary layer and therefore varies from almost infinite at very 
low reaction rates to almost zero at complete mass transfer control of the reaction. This ratio 
is extremely temperature sensitive. Measures for this sensitivity are 
rate constant and EK/RTR for the adsorption constant KE/KRCRi 

Ek/RTR for the kinetic 
multiplied by the distribution 

coefficient m. The temperature independent parts of A are given gy A*(l) and A*(2). moreover A 
depends on the concentf?tion of ethylene on the catalyst surface CB. We should realise that 
(E, - C,,)/E,- (1 + A) and CEi/EE= A/(1 + A). 

In this model description k has been taken constant. In the experimental part we will demonstrate 
that most probably k is rather temperature sensitive. With this model heating and cooling curves 
after a concentration change can be calculated. The temperature overshoot (defined as the diffe- 
rence between the maximum temperature and the final steady state temperature) is very sensitive to 
the value of B and of A. The final steady state temperature is very sensitive to A and in partiou- 
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Fig. 3. A temperature overshoot and undershoot 

as calculated with the model. 
Changes of pure nitrogen to 50/50 ~01% 
C2H /ii2 and after 200 s to 30/30/40 
VOl Y 

Data used: kO- 
k” a 
K- 

CP 

B,~~~~e~~~i;~~~~i:~'~~~~~~~ pp~-:;b~-$;m3 
= 870 J/kg K. . *' o - 100 W/m K. 

T - 300 K. Tie - 300 K and Cs - 0. 

Fig. 
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4. An experimentally produced undershoot. 
After a change from SO/50 ~01% C2B4/H2 
to 5/5/90 VOlX C2n4/H2/N2. 
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lair to E, and E2. Previously we have compared calculated and measured heating curves. In Fig. 3 
we show a calculated heating up curve and a cooling curve. We see that the model also desoribes 
the undershoot. 
In view of the high sensitivity a.o. towards the value of B. in which the pellet gas heat transfer 
coefficient a is included, accurate values of o must be available as a function of the system 
properties and the gas flow. We decided to measure ap ourselves from cooling curves and correlate 
it in a Nu - f(Re,Pr) relation. Some new rare phenomena were observed. 

EXPERIMENTS 

The experiments were carried out in the apparatus shown in Fig. 1. The overshoots found are demon- 
strated in Fig. 2. If temperature overshoots are found on a catalyst pellet. also undershoots must 
be feasible. 
This is shown in Fig. ti. We see that after a sudden lowering of the reactant ooncentratfon the 
pellet temperature in going to the new steady state passes through a minimum. Initially too much 
ethylene is adsorbed which is slowly removed and thereby increasing the reaction rates. 

If the active sites are partly blocked by slowly adsorbing ethylene, then a pretreatment of the 
catalyst pellet by ethylene should also reduce the temperature overshoot: in that case there is an 
excess ethylene adsorbed so that initially the reaction is inhibited. In Fig. 5 the results are 
shown if the pellet is pretreated with ethylene at room temperature for a certain period. After a 
pretreatment of two hours the temperature overshoot has completely disappeared. We have to realize 
that these pretreatment times are relatively long because probably at room temp'erature the chemi- 
sorption of ethylene is very slow. This would indicate'that k is a function of temperature. 

20 1, , , , , , , 

0 20 40 60 
----r-time/s 

Fig. 5. The magnitude of the temperature over- Fig. 6. Temperature increase of the catalyst 
shoot after first the pellet has been pellet if the gas flow is switched from 
rinsed with pure ethylene during the pure nitrogen to pur 

-f 
ethylene. The gas 

velocity is 22.7*10 m/a. 

The adsorption of ethylene has its own heat effect. In Fig. 6 the pellet temperature is shown if 
at a very low flow rate nitrogen is replaced by pure ethylene. Due to the low flow rate the heat 
transfer coefficient and the cooling are also low. We observe two temperature maxima. The first 
one corresponds to the adsorption of ethylene on the palladium, which in our shell catalyst is 
deposited only on the outer surface of the pellet (penetration depth has been determined to be 
lower than 100 microns). The second maximum corresponds to the heating up of the particle by the 
physical adsorption of the ethylene in the pores of the pellet. 

In Fig. 7 for two initial temperatures it is shown what happens if a hot particle is cooled with 
pure hydrogen. The particle had been heated by reaction. First the particle cools but than sudden- 
ly the particle heats up again. the temperature reaches a peak and than the particle cools again. 
The temperature peak is relatively high, if the starting temperature of the pellet is relatively 
lOW. 
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Fig. 7. Cooling curves of particles heated by reaction: cooling with pure hydrogen from a high (a) 
and a low (b) initial temperature. 

This phenomenon can be explained as follows. As soon as the reaction mixture is replaced by pure 
hydrogen the pellet start to cool; simultaneously the ethylene, which was present in the pores, is 
driven out of the pellet and passe3 the palladium on the outer Surface of the pellets. where it 
reacts with the hydrogen. After a certain period when the ethylene adsorbed on active sites is 
suff'iciently removed, the reaction becomes more violent and the particle is heated up again due to 
this reaction. When all ethylene in the pores ha3 dissappeared cooling starts again. If the initi- 
al pellet temperature is relatively low, more ethylene will be adsorbed in the pores, resulting in 
a relatively high peak temperature. 

DISCUSSION AND CONCLUSIONS 

Previously [1.2] we discussed that the magnitude of the temperature overshoot depends either on 
the Nusselt or on the Sherwood number. The simulation model above demonstrates that it is the 
Nusselt number, which 3trongly governs the phenomena described. 

To check the validity of the model we are at present determining experimentally the steady state 
kinetics of the hydrogenation of C2H2 and of C2Hq. the heat transfer coefficients and the radia- 
tion heat losses. These data must be known accurately before the model can be tested experimental- 
ly and eventually improved. 

In an adiabatic bed reactor we are testing the behaviour of a bed of cylindrical pellets. Also 
here overshoots after concentration changes are observed for the system hydrogen-ethylene. We feel 
that these overshoot3 in practice are largely responsible for the runaways of this reactor type. 
Moreover the phenomena observed are serious enough to put more emphasis on the study of catalyst 
dynamics in research and development of catalysts. 

SYMBOL LIST 

C concentration 
E 

kmol/m; 
concentration in bulk of gas kmol/m 

cP 

dEp 
AHr 
k" 
kG 
K 
m 
R" 
t 
T 
Ti 
TR 
A, A(l). A(2). B, P. 4 

specific heat 
particle diameter 
activation energy 
reaction heat 
kinetic constant 
mass transfer coefficient 
chemisorption constant 
distribution coefficient 
reaction rate 
time 
temperature of bulk of gas 
temperature of catalyst 
reference temperature 
dimensionless groups, 
see text 
heat transfer coefficient 
fraction of active sites 
Boltzmann constant 
particle density 

J/kg K 
m 
J/km01 
J/km01 
m/s 
m/s 
&To 
kmOl/nA 
S 
K 
K 
K 

W/m2K 

kg/m3 
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Indices 

E ethylene 
;2* li hydrogen 

at the interface gas-catalyst 
s adsorbed 
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