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Abstract-Previously reported design criteria for cooled tubular reactors are based on the prevention of reactor 
temperature runaway and were developed for single reactions only. In this paper it is argued that such criteria should be 
based on the reactor selectivity, from which eventually a maximum allowable temperature can be derived. To this end 
and for the pseudo-homogeneous, one dimensional model of acooled tubular reactor in which two parallel, irreversible 
first order exothermic reactions are carried out, two criteria are develooed for the safe desien and oneration of the 
reactor. The criteria enable us tochoose tube diameters and operating conditions, which are sare in view of the derived 
selectivity and of possible runaway as well. The method outlined can be used in the initial design stage and requires 
kinetic information on both the desired and the undesired reaction. 

INTRODUCTION 

At designing a cooled (catalytic) tubular reactor for 
exothermic reactions much care is required to avoid 
excessive reactor temperatures with respect to reactor 

temperature runaway. To this end in the past several 
authors developed criteria for the safe design and opera- 
tion of cooled tubular reactors. All these criteria are 
based on single reactions and on the phenomenon of 
parumettic sensitivity. In a certain range of the values of 
the relevant design and operating parameters, such as the 
tube diameter d,, the cooling medium temperature T,, the 
reactor inlet temperature To or the concentration C,, of 
the reactant in the reactor feed, the tubular reactor has 
been proven to be extremely sensitive to the value of one 
of these parameters: after a small change of a parameter 
in the critical region the reactor- suddenly starts to 
operate at a much higher temperature level. 

All criteria developed up to now have been based on the 
conception that this should be avoided and that the reactor 
should operate outside of the region of high parametric 
sensitivity. 

Moreover, the available criteria have been based on a 
single reaction taking place and on a specified maximum 
allowable temperature T,,,,, which must not be surpassed. 
The criteria developed up lo now are then based on 
determining the process conditions at which the reactor 
for the specified T,, is at the boundary of the regions of 
high and low parametric sensitivity, so that the process 
conditions can be chosen such that runaway is preven- 
ted. The available criteria exhibit some imperfections. 
First because if really only one single reaction takes 
place, it does not matter that the reactor temperature 
gets very high; the higher the temperature the shorter the 
reactor can be, provided the construction materials 
remain strong enough and the catalyst remains active. 
Secondly because specifying a T,, in itself can be rather 
arbitrary, although usually it is based on small scale 
laboratory experiments, which, of course, does give 

strong indications for industrial reactors despite the 
scale-up problems. A maximum allowable temperature 
can be specified for various reasons, e.g. such as catalyst 

life, reactor selectivity, strength of construction materials, 
temperature runaway or explosion limits. Here we will 
discuss multiple reactions and limit ourselves to runaway 
and selectivity aspects. We first will derive criteria for 
maintaining a required reactor selectivity and later we will 
demonstrate that temperature runaway will not occur. if 
the derived selectivity criteria are adhered to. We will 
restrict ourselves to exothermic parallel first order reac- 
tions in a pseudo-homogeneous, cooled tubular reactor. 

LITERATURE SURVEY 

Bilous and Amundson[l] were the first to describe the 
phenomenon of parametric sensitivity in cooled tubular 
reactors. This parametric sensitivity was used by 
Barkelew [2] to develop design crcteria for cooled tubular 
reactors in which first order, second order and product- 
inhibited reactions take place. He presented diagrams 
from which for a certain tube diameter d, the required 
combination of C,,, and T, can be derived to avoid 
runaway or vise versa. Later van Welsenaere and 
Froment[3] did the same for first order reactions, but 
they also used the inflexion points in the reactor tem- 
perature T vs relative conversion X, trajectories, which 
describe the course of the reaction in the tubular reactor. 
With these trajectories they derived a less conservative 
criterion. Morbidelli and Varma[4] recently devised a 
method for single order reactions based on the isoclines 
in a temperature-conversion plot as proposed by Oroskar 
and Stern[T]. Agnew and Potter[6] did the same as 
Barkelew for heterogeneous catalytic reactors and 
presented design diagrams to prevent runaway, including 
also the parameter of the ratio of the tube to the catalyst 
particle diameter d,/d,. Burghardt and WarmuzinskiE71 
considered multiple reactions and also took the heat 
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effect of the secondary reaction into account, however, 
they did not study the selectivities achieved in the 
reactor, 

Multiple steady states in catalyst particles have been 
studied by McGreavy and Adderley[b] and by Rajad- 
hyaksha et al.{91 and they presented criteria to avoid 
this multiplicity. However, it has been shown[lO, 111 that 
multiplicity arising from interparticle gradients are not In order to compare the two competing reactions we 
very likely under industrial operating conditions. Other use the reference temperature TSZ introduced by 
criteria to avoid runaway were developed by Dente and Westerterp[lS]. This is the temperature at which the 
Coltina[lZ] and HlavLek et al.[13]. Emig et a!.[141 reaction velocity constants k, and k, are equal and have 
proved experimentally that the criteria of Barkelew, of the value of kR. From this condition follows: 
Agnew and Potter and of McGreavy and Adderley all 
predict runaway remarkedly well for a single first order kn c kplTR = KXITR = Ap ecmEpmTR) = Ax ecdEtiRTR). 
reaction in a cooled catalytic tubular reactor. (7) 

Only Westerterp[ 151 up to now also took the required 
selectivity into account in a reactor stability study, but We now can derive the value of the reference tem- 
only for tank reactors. We will use his study as a starting perature TR and also a reference reaction velocity con- 
point and extend it to multiple reactions in a cooled stant kn: 
tubular reactor. We will use the homogeneous tubular 
reactor model, which is also representative for tubular = EP(P - 1) 

P I/b-‘1 

reactors filled with catalyst particles provided that d,/d, c 
T 

R andkR = $ 
( > 

(8) 
x 

8[111. 

in which p = Ex/Ep. With Tn and kH the following 
TRE MATREMATICAL MODEL FOR THE PLUG FLOW REACTOR dimensionless variables can be introduced: T = T/T,, the 

WITH PARALLJX REACTIONS dimensionless temperature; K = k,lk,, the dimensionless 
We consider a tubular reactor in which two parallel reaction velocity constant of the desired reaction and 

reactions occur: I?’ = k,/k,, the dimensionless reaction velocity constant 
of the undesired reaction. Now K depends on the 

P dimensionless temperature according to: 

Af \ K = em”-“‘V’ with yP = EP/RTR. 
A. 

In these reactions A is the reactant, P is the desired and 
The reaction velocity constants of both reactions are 

X the undesired product. Both reactions are irreversible, 
now defined by the set of dimensionless parameters: kR, 

exothermic and of the first order and conversion rates 
TR, yp and p instead of by Ap, Ax, Ep and Ex. The ratio 

are given by: 
of the activation energies p is a measure for the tem- 
perature sensitivity of the selectivity of the reacting 

R 
system. If p > 1 the selectivity increases with decreasing 

WP = kPCA (2) temperatures. In this case the reactor has to be operated 
at a temperature level below the reference temperature 

R VJC = l&-CA. in order to obtain high selectivities. For p < 1 the reactor 
should operate at the highest possible temperatures; this 

Here R, is expressed as kmoles convert per unit of time case is not of interest for this study. 
and per unit of mass of catalyst. Equations (4)-(6) can be made dimensionless after 

The pseudo-homogeneous one-dimensional model of introducing the dimensionless quantities Xp, Xx, 2, H, 
the cooled, tubular reactor used by us is based on the Da, ATma and U* (see the list of symbols for their 
following assumptions: definitions). The transformed equations are: 
-the condentration and temperature gradients only 
occur in the axial direction; 
-the only transport mechanism operating in the axial 
direction is the overall flow itself, which is supposed to 
be the plug flow; 
-the physical and chemical data pa, pB, cp, AH,U are 
assumed to be independent of temperature; 

g= DaKP(I-xXp-xXX) 

-the temperature of the cooling medium T, is constant. 
The mass and heat balances for this reactor model are: 

dT 
dC, 

u dz = Rw~pe (4 

dZ=DuAT,d(~ tHK')(l~Xp-XX)-Duu~(T-Tc). 

(12) 
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This set of equations describes the behaviour of parallel 
reactions in a tubular reactor using the relative con- 
version to desired product X, and to undesired product 
X,, the dimensionless temperature T and the dimension- 
less reactor length Z. The reaction system is charac- 
terized by the ratio of the reaction heats H in addition 
to kK, TR, yD and p. The operating and design conditions 
are determined by: T,, the dimensionless cooling medium 
temperature; Da, the dimensionless residence time in the 
reactor; U*, the dimensionless cooling capacity per unit 
of reactor volume and AT&, the dimensionless adiabatic 
temperature rise for the desired reaction, which of 
course depends on the initial concentration of the reac- 
tant A. 

If only the temperature behaviour of the reactor has to 
be studied and not the individual conversions to the 
products P and X, the system of the three equations (IO j 
(12) can be reduced to two simultaneous differential 
equations after introducing the total conversion of the 
reactant A, X,: 

(13) 

~=~~L\T,~(K+HK~)(~-X~)-D~~*(T-T,) 

(14) 

in which 

x*=xp+xx. (IS) 

The reactor temperature as related to the conversion X, 
can be found after dividing eqns (14) by (13), from: 

$ = ATad ‘l++;p”-7’ - (J* 
T-T, 

A (K t K’)(l- x,)’ (I@ 

If the reactor feed does not contain any product P or X, 
the reactor yield of desired product is given by BP = 
C&C,, = X,, the selectivity of the reactor by SP = 
C,J(C,,- CAL) = X,JX,, and the local or differential 
selectivity at any place in the reactor by Sb= 
-dCp/dCa = +dXp/dXA. The selectivity ratio is Spx = 
X,/X,, the reciprocal selectivity ratio Sx, = X,lX, and 
the differential reciprocal selectivity ratio Sk = 
dXJdX, The reactor selectivity now is: 

(17) 

The differential reciprocal selectivity ratio is found by 
dividing eqns (11) by (10): 

and the reactor reciprocal selectivity ratio by integrating 
SAP along the reactor: 

(19) 

TK#E BEHAVIOUR OF THE T(X,,) FUNCllONS 

The behaviour of the T(Xa) functions can be analysed 
in the same way as Barkelew [2] did. For parallel reactions 
there is a great similarity in behaviour as for single 
reactions. The trajectories T(XJ can be obtained by 
numerical integration of eqn (16); some are shown in Fig. 
1. The trajectories have a characteristic maximum tem- 
perature T, in the hot spot of the reactor; for trajectory 
c in Fig. 1 conditions are such that T, has an extremely 
high value, so that here we have runaway conditions. 
The relation between the hot spot temperature T, and 
the conversion X, can easily be determined, because 
in the hot spot dT/dX,+ is equal to zero in eqn (16) which 
gives: 

(X*)=1- U* 

AT.z,i* 
T, -T, 

K,,, t HK,,,~ 

(20) 

The curve of this locus of maxima is also shown in Fig. 
1. To the left of this locus curve the derivative dT/dXa 
of a trajectory is always positive, reactor temperatures 
increase with increasing conversion and reactor length; 
to the right of the locus curve dT/dX, is always negative 
and there the reactor temperatures always decrease. The 
maximum of the trajectory is found on the locus curve. 
The locus curve also reaches an extremum at a lowest 
value of XA, below which no hot spot temperatures can 
be found. The temperature (T,,& corresponding to that 
extremum can be found by setting d(X&,/dT, equal to 
zero in (20): 

(Tmh*il + H(K=)~p-1] _ (Tm)M = T,. 

yp[ 1+ P!f(Km)~~-‘l 
(21) 

The locus curve also exhibits another extremum for 
T % 1 far beyond the range of practical interest. For 
higher values of Xa two hot spot temperatures are 
possible: one above and one below the value of (T,,&. 
The hot spot temperature under runaway conditions lies 
above (T,&, of course. 

The locus of maxima curve is controlled by the reac- 
tion parameters ‘yp, p and H and two design and operat- 
ing variables T, and V/AT&, whereas the temperature 
(Tm)M by the same reaction parameters and T, only. 
Figure 2 shows that upon increasing the ratio U*/AT,_, 
the locus curve can intersect the X, =0 axis at two 
points, below and above the temperature (T,,JM. The 
locus curves for several values of T, are shown in Fig. 3. 
We see that upon increasing the cooling area of the 
reactor or decreasing the reactant concentration in the 
feed, that is increasing the value of U*/ATad, and upon 
decreasing the coolant temperature T,, the dangerous 
region where dT/dXA > 0, decreases. 

MAxlMuM ALLOWABLB TBMPERATURES BASED ON SELECTlVITY 

CRITERIA 

We will now investigate how the selectivity depends 
on the trajectories in the reactor in order to develop 
design and operating criteria. To this end we use the 
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Fig. 1. Temperature profiles in the reactor and locus of maxima 
cnrve Tm; p = 2, H = 2, yp = 15, U*iAT.d = 1.5, ATad = 0.2~ a: 

0.4- b: 0.6-c. 
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Fig. 2. Locus of maxima curves for a few values of the ratio 
u*/A.T,d: p = 2, i? = 2, yP = 15. 

differential reciprocal seIecti%ty ratio 

which is a measure of the extent of the local coproduction 
of the undesired product X with respect to the local 
production of the desired product P. According to eqn 
(18) Sk depends on the temperature only for a given 

OS0 

T 

0.85 

O-80 
3 

Fig. 3. Locus of maxima curves for a few coolant temperatures; 
p = 2. H = 2. yP = IS. U*/ATad = 1.5. 

reaction system and increases with temperature for p > 1. 
Only values of p larger than one are of interest as has 
been said. The maximum value of S& is then reached 
at the highest temperature in the reactor, that is in the 
hot spot. At all other points of the relevant trajectory 
Sb is lower than in the hot spot. As a consequence the 
integral reciprocal selectivity ratio Sxp for any outlet 
conversion X,, must be lower than S;(e in the hot spot. 
We therefore start to specify a maximum allowable value 
of (Sk),,, which later on will be compared with the 
integral S, of the reactor. The value of (~3;rP),,,~ is 
related t6 the maximum allowable temperature T,,: 

(SLp),, = aF&i = eY&-‘)I’-o&a)), (22) 

This relation defines the maximum allowable temperature 
in the reactor: 

T YP(P - 0 
mo = Y& - 1) - In(SkL 

(23 

which it is not allowed to surpass. The definition of this 
maximum allowable temperature is now based on the 
properties of the reaction system yp, p and the selec- 
tivity limit (SOP),, only and not on an arbitrary tem- 
perature limit. The higher the required reactor selectivity, 
the lower the value of T,,. 

DEVELCN’MENT OF SELEtXVITY CRITERIA 

We now can derive criteria for the selection of design 
and operating conditions. The criteria proposed depend 
on the shape of the locus curve, which either crosses the 
X, = 0 axis or does not touch it, depending on the values 
of U*/AT.., and T,, see Figs. 2 and 3. 

The first criterion is based on a locus intersecting the 
XA = 0 axis. As shown in Fig. 2 there are two points of 
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intersection T,[ and T,,, the upper and lower intersection 
temperatures. For all reactor inlet temperatures To in the 
range TI; <To<T,; the reactor temperatures will 
decrease over the entire reactor length; for TD~TI~, the 
reactor temperature initially increases but never can get 
higher than Tli, see Fig. 4. The values of Tli and Twi can 
be found by solving: 

219 

HK,,,~ + G, =+&(T,-T=) (241 

and that beyond this point the slope decreases due to the 
heat exchange with the cooling medium provided 
runaway does not occur. If now, as is shown in Fig. 5, 
the tangent to the trajectory at the reactor inlet passes 
through the point T,,, (X,),, on the locus curve, then 
the reactor temperature never can reach this T,, value 
because of the decreasing slopes of the trajectory, pro- 
vided there is no inflexion point in the trajectory. This 

will be checked later on. Hence, our second criterion is 

based on the condition: 

which relation is obtained after putting (X,), in eqn (20) 
equal to zero. It now depends on the value of T, what 
conditions in the reactor have to be chosen so that T,. 
will not be surpassed. Vice versa we also can choose the 
values of U*/AT,, and T, in such a way that T,, and 
either TUi or T,; coincide, so that for any value of 

To 5 T,, =T, or Ts the reactor temperatures always 
remain below T,,. After introducing the maximum al- 
lowable differential reciprocal selectivity ratio (S;(P),, 
given by eqn (22) into eqn (24) we find: 

(s;yp);y-')[l t H(S;rp),,l= g (Tmn - Tc) 
ad 

(25) 

Moreover, for values of U*/ATad also higher than those 
given by eqn (25), the required T,, value will not be 
surpassed. Therefore we now can formulate our first 
criterion as: 

(26) 

whereas T,. is defined by (23). 
The second criterion for the maximum allowable tem- 

perature is derived from the locus curves which do not 
intersect the Xn = 0 axis. The criterion is based on the 
property of the trajectories, that they start at the inlet 
point To, X, = 0 for To 2 T, with their maximum slope 

Fig. 4. Temperature profiles according to the first criterion; p = So for the design of a reactor to reach a certain selec- 
2, H = 2, yp = 15, (S,kp)w, =O.lv DOJDU.= 1.6 tivity the group U(T,,- T,)jd,Cno must be kept constant 

CES Vol. 39, No. 2-C 

(27) 

This criterion is equivalent to the first criterion of 
van Welsenaere and Froment[3]. On substituting 
dT/dX,),=, by (16) and eliminating (X,),, by using 
(ZO), the criterion (27) after some rearrangement 
becomes: 

Often in practice the inlet temperature To equals the 
coolant temperature T, For this case this second cri- 
terion after introducing (ShP),. by (22) becomes: 

(29) 

for Ta = T,. This second criterion can be considered as a 
more strict version of the first one because it differs in 
the term 

only and this term is always < 1. 
The practical significance of both criteria can easily be 

evaluated by substituting the definitions of U* and AT,* 
into (26) and (29): 

U(L, - Tc), kwW-- 
d . CA0 4 

*(S&=)-C! “‘p-l)[l + H(S;CP)mol*P,.~ (30) 

in which P is for the first criterion PI = 1 and for the 
second criterion with To = Tc: 



240 K. R. WESTERTERP and K.J. PTASIP~SKI 

Fig. 5. Temperature profile according to the second criterion; 
p = 2, H = 2, ‘YP = 15, (.%&,,a = 0.1, ATod = 0.1, DaJD~min = 6.0. 

at a certain value. Once the reactor has been constructed 
and installed (which means that dt can not be varied 
anymore) at varying reactor loads (influencing the value 
of U) or varying feed concentrations CaO the group 
UP,,., - T,)/Cao must be kept constant in order to 
maintain the reactor selectivity. Calculation of the maxi- 
mum safe tube diameter using either one of the two 
criteria is quite straightforward for a particular set of the 
operating conditions of T, and C,,. The second criterion 
(29) which has been derived for the more genera1 case 
leads to more accurate results. The first criterion (26) 
gives more conservative results but it is simpler to use. 
How the criteria work out is demonstrated in Fig. 6. In 

0'8 10 

4A 

Fig. 6. Locus of maxima curves according to the first criterion 
p = 2, H = 2, yP = 15, C&P),. = 0.1. 

this figure for the first criterion are shown the locus of 
maxima curves for a fixed value of U*(T,, - 
T,)/AT,J = 0.120. At low values of T,, -T, the value 
of U*/ATad is large, in this case the lower intersection 
point T,; of the locus of maxima curve with the T, axis 
coincides with T,,. With increasing values of T,, -T, 
they remain coinciding up till at a certain point also the 
lower and upper intersection points Tli and T,, coin- 
cide: now the locus of maxima curve just touches the T 
axis. At increasing T,, -T, even more, T,, now will 
coincide with T.. instead of T,i. We see that a whole 
collection of locus of maxima curves satisfies the cri- 
terion. We have to realise that at increasing T,, -T, the 
reactor tube lengths necessarily become longer, because 
T, and therefore also the average temperature level in 
the reactor decrease. 

SELECTION OF PRACTICAL VALUES FOR THE COOLING MRDRJM 

TEMPERATURE 

We still have to evaluate a practical range of values for 
the cooling medium temperature, because at too low 
values of T, the reactor becomes excessively long and 
therefore too expensive. 

The lowest value of T, for which a reactor still has an 
industrially acceptable length can be called the minimum 
allowable coolant temperature (Tc)min. In order to 
determine (T,),, the relation between reactor length and 
coolant temperature should be established by numerical 
integration of eqns (13) and (14). This relation also can be 
obtained in a simpler approach. For isothermal operation 
at T,, the lowest possible reactor length and the mini- 
mum Damkijhler number for the required selectivity 
(SAP),, and for a certain conversion XAL is obtained. 
For a constant temperature eqn (13) can be integrated 
between the limits Z = 0, X,” = 0 and Z = I, X,, leading 
to: 

Lh,i” = 
- In( 1 - X_& 
l&,(1 + KPm;l’)* 

(32) 

On the other hand isothermal operation at .f= results in 
the highest possible reactor length and the maximum 
Damkiihler number Da, for the same conversion XAr: 

Da, = 
- In( 1 - X,,) 
K,(l + K:-I) 

Then the ratio &/Dad,, is a measure of the increase of 
the reactor length due to the value chosen for T, and for 
given values of T,, or (S;(p)ma. After eliminating T,, 
from (32) by (22) we find: 

Da, (Sh) ::-“[I + (Sk-),,I 
Da,,, K,(l + K:-‘) . 

(34) 

Calculation of the ratio Da,/Dae” as a function of the 
temperature difference (T,, - T,) for varying 
parameters values of yP, p and (S&) reveals that above 
some value of (T,,,., - T,) the ratio DaJDuen becomes 
very sensitive to the coolant temperature. The boundary 
of this sensitivity is in the range of DnJDa,,, from 3 to 5. 
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Therefore we will use for the minimum allowable 
value of (T,Jti, the value at which the ratio Due/Damin 
equals 5 for cheap reactors or 3 for expensive reactors. 
For these values of Da,lDati”, the corresponding value 
of (T,),. can be calculated from eqn (34) by trial and 
error caIculations. However, the practical values of 
(S&CPL are much lower than unity, so that the term 
K=‘-’ in eqn (34) can be neglected since Key-’ 4 1 and we 
find: 

(Tc kin = (35) 

in which a value of 3 to 5 has to be substituted for 
DaJDa,;,. This gives us a practical range for the cooling 
medium temperatures (T&in 5 T, CT,,,,. 

THE RELATION BETWEEN ‘l’llElNTEGRALANDD- 
SFJXCTIVITIES 

Both criteria for achieving the desired selectivity in a 
cooled tubular reactor were based on the differential 
selectivity ratio S&, However, plant economics are 
controlled by the integral selectivity ratio S,, of the 
entire reactor. We therefore calculated numerically the 
values of SXP for a wide range of reaction parameters p, 
‘yp, H and operating variables Da,/Dati, AT,,, and 
(5&),,,,. We assumed To = T, and X,, = 0.99. 

A typical relation between S,, and (Sk),, is shown 
in Fig. 7. From this figure it can be seen that the ratio 
DaJDami, and the reaction parameter p have a 
significant influence on the difference between SXP and 
(S&P),,. Further AT& has only a slight effect and the 
results for the reactions parameters yP and H showed 
that the influence of either yP or H is rather small. Now 
after determining the desired value of S, we can derive 
from Fig. 7 the value of S&. which has to be substituted 
into the criteria. We recommend to neglect the influence 
of yP, H and AT4 on SyP/(SL-),,. 

CHECK FOR P AMMETRIC sENsIT1vITY 

We still have to check whether both criteria do not 
lead us into the region of high parametric sensitivity 
resulting in a runaway of the reactor temperatures. The 
first criterion is inherently parametrically stable, because 
it was based on the region below the upper branch of the 
locus curve. For the second criterion the situation is 
more complicated and has to be analysed more in detail, 
as is done in the appendix. An investigation of the region 
of practical values of the parameters disclosed that no 
temperature runaway occurs, if the second selectivity 
criterion is adhered to. Therefore the same conclusion as 
for the first criterion can be drawn: trajectories cal- 
culated according to the second criterion still fall in the 
region of low parametric sensitivity. 

PROCEDURE FOR SAFE DESIGN OF COOLED TUBULAR REACTORS 
FOR PARALLEL. FDUT ORDER REACTIONS 

Now that we feel sure that a reactor designed accord- 
ing to either one of the criteria developed, will operate 

Fig. 7. Effect of p on the relationship between (&)I(SIYP),,,. and 
L&/I&i. for the first criterion; H =2, ya = 15, AT& =0.6, 

(s~p)rm = 0.01 eo.30. 

outside of the danger area of reactor runaways we can 
base a reactor design on them. In order to design a 
reactor the following procedure can be followed: 

(1) Determine from the laboratory data, whether the 
reactions under consideration can be described by a 
system of parallel reactions. 

(2) Fit the data obtained in the laboratory by first 
order rate expressions of the type RwP = kpC, and 
R ,,.x = k,Cn in the temperature range of interest. Check 
whether the use of first order kinetics is allowed. 

(3) Calculate the reaction parameters kR, TR, yp and p 
(4) Choose on economic grounds, especially on raw 

materials costs and product value, a value of the maxi- 
mum allowable reciprocal selectivity ratio (S,),,. 

(5) Choose a value of Da,/Dati, in agreement with 
the investment costs of the reactor and determine a 
minimum value for the cooling medium temperature. 

(6) Determine with Fig. 7 the maximum allowable 
differential reciprocal selectivity ratio (SAP),. assuming 
complete conversion of the reactants. 

(7) Calculate with the criteria eqns (30,31) the minimum 
value of U(T,,,, - T,)/d,CAo and choose practical values 
for d, and CAO. 

(8) If d, is larger than required for the process, either 
a higher selectivity towards desired product or a shorter 
reactor can be chosen by increasing the coolant tem- 
perature, If d, is too small, lower selectivities and/or 
lower coolant temperatures have to be accepted. 

We should warn that the method has been developed 
for first order reactions; for reactions of different order 
and especially for reactions with Langmuir-Hinshelwood 
or Eley Rideal kinetics the method wil1 not work. Al- 
though the data given in Fig. 7 refer to a total conversion 
of XA = 0.99, our criteria are also valid for lower con- 
versions and will always result in a situation, where the 
reactor operates in the region of low parametric sen- 
sitivity. The use of Fig. 7, of course, is restricted to 
complete conversion of the reactant. 
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Fig. 8. Temperatures profiles in the reactor and loci of inflexion points curves (the dotted ones): P = 2, f-I = 2, 
y,=l5, U*/AT,~=~.S,AT,~=O.~-~;O.~-~;O.~-C. 

CONCLUSIONS 

Based on the model presented for two parallel, first 
order reactions in a cooled pseudohomogeneous reactor 
we may conclude that: 
--the use of the maximum (Tm)~ in the locus of maxima 
curve for the design of reactors is not justified for 
multiple reactions; 
-the prescription of one maximum allowable tem- 
perature as determined in the laboratory and the design 
of a reactor on the basis of the kinetics of the desired 
reaction alone, can lead to erroneous results and con- 
siderable deviations in the integral selectivity found in 
the laboratory and on a large scale: 
-the method outlined here requires kinetic information 
on both the desired and the undesired reaction; 
-criteria for maintaining reactor selectivity require more 
stringent design and operating conditions than the cri- 
teria for the prevention of a runaway; the proposed 
criterion of keeping U(T,, - T,)/d&, constant at a 
desired value enables us to select a practical set of 
reactor design parameters and to select new values for 
operating parameters at changing operating conditions. 
Simultaneously the reactor operates in the region of low 
parametric sensitivity, so that there is no danger of 
runaway. 
-the use of the parameters TR and also kR, yP and p, 
which are characteristic for the set of reactions involved, 
leads to a generally valid set of dimensionless equations, 
which can be more easily manipulated than e.g. the 

coolant temperature. In the studies e.g. by Barkelew and 
Froment, the relevant dimensionless groups are very 
sensitive towards the values chosen for T, and T,,,.. 

A 

A,B,C, 
C 

i; 
dt 
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NOTATION 

pre-exponential factor in Arrhenius equations, 
m3/kg s 

constants defined in the Appendix 
concentration of species, kmol/m3 
specific heat of reaction mixture, J/kgK 
catalyst particle size, m 
tube diameter, m 
activation energy, J/kmol 
AHxlAHp 
heat of reaction, J/kmol (exothermic) 
reaction velocity constant, m3kg s 
reference reaction velocity constant, m’/kg s 
reactor length, m 
&/EP 
parameter defined in the text Ieqns (30), (3l)l 
gas constant, 8.314 kJ/kmol K 
rate of production of species per unit mass of 

catalyst, kmollkg s 
reactor selectivity 
X,iX,, reciprocal selectivity ratio 

dX,/dX,, differential reciprocal selectivity 
ratio 

temperature, K or “C 
coolant temperature, K or “C 
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temperature corresponding to the lower inter- 
section point of locus of maxima curve and 
Xa = 0 axis 

temperature corresponding to the upper inter- 
section point of locus of maxima curve and 
Xa = 0 axis 

maximum reactor temperature (in the hot spot) 
temperature corresponding to maximum of 

locus of maxima curve 
maximum allowable reactor temperature, K 
reference temperature, K 
superficial gas velocity, m/s 
total heat transfer coefficient, W/m% 

4 UIkRpBp~c,,d, 
relative degree of conversion 
coordinate in the direction of flow, m 
z/L, dimensionless reactor length 

knp&i u 

Greek symbols 

YP 
@P 
K 

Pa 
Pe 
T 

ATa, 

EJRT,, dimensionless activation energy 
reactor yield 
kdk,, dimensionless reaction velocity constant 

for the desired reaction 
bulk catalyst density, kg/m3 
density of reaction mixture, kg/m” 
T/TR, dimensionless temperature 
AH,&,/ Tnp,cp, dimensionless adiabatic tem- 

perature rise of the desired reaction 

Subscripts 
A 
c 

i 

: 

ma 
P 
X 
0 
L 
ui 
fi 

reactant 
coolant 
inflexion point 
maximum temperature or hot spot temperature 
maximum of locus of maxima curve 
maximum allowable 
desired product 
undesired product 
inlet conditions 
outlet conditions 
upper intersection point with X,., = 0 axis 
lower intersection point X, = 0 axis 
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APPENDIX 

An inspection of the temperature trajectories of Fig. 8 shows 
that a temperature runaway is inevitable if an inflexion point 
occurs before the hot spot temperature as e.g. in trajectory c. 
This was also observed for single reactions by van Welsenaere 
and Froment[31. Therefore the condition for safe operation to 
avoid temperature runaway can be stated as: 

Differentiating (16) with respect to XA leads to the following 
expression for the second derivative: 

in which 

A = y& - l)(H - I)I?‘+‘(~ + I+ K’-‘) 

KIYp(P-l)(H-I)K p-‘(T ~ T,) + (It HI?-‘) 

x [(I + K~~‘)T’ - y(l + PK’-‘)(T - T<)l} 

C z ($)(T-T&&) X [(I + K’-‘+ Yp(l +PKP-‘) 

1 x NT - T,)J ---~(1 + w~-‘)‘T’}, 
AT.4 

Expression (b) is too complicated to represent the condition (a) 
in a simple form. However, equating (b) to zero leads to the 
relation between Ti and (X,& at the inflexion point: 

Ai{1 ~ X& t B,(l - X,+)+ Ci = 0. (c) 

The solution of this quadratic equation gives the expression for the 
locus of inflexion: 

(xAi), 2 _ , + 8 i ~l(B:-4AiC,) 
2Ai 

with - for (X,,), and + for (XAJz. According to (d) the 
locus of inflexion is determined by the reaction parameters 
v,, p and H and the operating variables T,. AT, and U*. 
Each locus of inHexion curve, as shown by the dotted lines 
in Fig. 8, has two branches. The branch (_I’,,), corresponds 
to the inflexion point before the hot spot, whereas the 
branch (X,;), corresponds to the inflexion point beyond the 
hot spot. The trajectories (2 and b do not intersect their locus 
of inflexion branch (X,,), whereas the trajectory c does. The 
trajectories which have no intlexion points before the hot 
spot can be considered as safe with respect to runaway. 

In the case of the second criterion for low values of T, the 
temperature (Tm)~ can be lower than T,, and the trajectory can 
intersect the locus of maxima curve above (T,,,)M. But runaway 
still will not occur provided the trajectory does not intersect its 
corresponding locus of inflexion branch (Xa;), given by (d). This 
requires a numerical computation of the locus of inflexion branch 
(XAI)I and the trajectory. As an approximation also a possible 
intersection of the locus of inflexion branch (X,& and the 
tangent to the trajectory at the reactor inlet conditions (TO = T,, 
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X,I, = 0) can be considered. This requirement is more severe binations of critical parameter values derived from the second 
than the former one, as was discussed. The equation of the criterion. The following ranges of parameter values were in- 
tangent to the trajectory at the inlet conditions given by (27) can vestigated: 1.1 <p ~4.0; 5 CT,, ~90; 1.1 <H < 5.0; 0.01~ 
be written as: 

1+ IceD-’ 
ATad < 1.0; 3 < Da,/Da,i, < 9 and 0.01~ (Sjl~)~~ < 0.30. Within 

(&Ii = AT.dl, + H,Cp-‘+T - T,). (cl 
this wide range of variation of each parameter no intersection 
between (d) and (e) was found: the locus of inflexion branch was 
always situated above the tangent to the critical trajectory. 

Equations (d) and (e) were solved numerically for many com- 


