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An application-oriented design procedure is presented for unique and point-stable 
operations of first-order reaction systems in a continuous stirred-tank reactor (CSTR). 
For a given set of values of kinetic constants, reaction enthalpy, feed conditions, resi- 
dence time, and relevant physical properties, two boundary values of the heat-transfer 
capacity (St],  St,) and two of the modified coolant temperature (8mc,z, are 
analytically derived after a linearization of the unsteady mass and energy balances. With 
these boundary values, two separate design conditions are formulated; one for the heat- 
transfer capacity (HTC, characterized by St) and one for the modified coolant tempera- 
ture (MCT, characterized by OmC). Each of these conditions is suficient to guarantee 
unique and point-stable steady-state operations for a range of St or em, values. Pre- 
dicted behaviors of reacting systems are compared with experimental results obtained 
from jive different systems reacting in four bench-scale and two commercial reactors. 

Introduction 
In the process industry, unstable steady states and sus- 

tained oscillations of temperature and composition of react- 
ing systems have generally to be avoided. These undesired 
phenomena may adversely affect product quality and down- 
stream operations, and can lead to difficult process control 
and unsafe reactor operations. Therefore, it is important to 
know which values of the coolant temperature and the heat- 
transfer capacity will lead to unique and point-stable steady 
states, because these states show the desired behaviors of re- 
acting systems. Since 1953 many papers (e.g., Van Heerden, 
1953; Bilous and Amundson, 1955; Uppal et al., 1974; Farr 
and Aris, 1986) and overviews (Schmitz, 1975; Razon and 
Schmitz, 1987) concerning nonlinear behaviors of reacting 
systems have been published. However, in most of these arti- 
cles predicted and observed reactor behaviors are not com- 
pared and quantitative agreement between predicted and 
measured results can only be found in a small number of 
selected articles (Vleeschhouwer and Fortuin, 1990). Further, 
such a comparison often requires familiarity with bifurcation 
and/or singularity theory (Scott, 1993) and the use of com- 
plex numerical analysis. Moreover, it has to be noted that for 
a given set of values of kinetic constants, adiabatic tempera- 
ture rise, and residence time, the separate effect of the 

Correspondence concerning this article should be addressed lo J .  M.  H. Fortuin. 

coolant temperature and that of the heat-transfer capacity on 
the behavior of the reacting system cannot easily be shown, 
because both the Arrhenius temperature and the adiabatic 
temperature rise are mostly made dimensionless with a refer- 
ence temperature containing the temperature of the coolant 
and/or that of the feed. 

In the present article, an easily applicable design proce- 
dure is presented using a constant reference temperature (To 
= T A / ~ ) ,  which is a chosen fraction of the Arrhenius temper- 
ature. The stability criteria are derived from a set of five rela- 
tionships (Eqs. 13 to 17) between key parameters (Da, A*, 
St, Omc). This set of relationships, which holds for three criti- 
cal steady states, is obtained after a linearization of the un- 
steady mass and energy balances. The values of the four key 
numbers and the additional Lewis number (Le )  which are 
defined in the Notation section, fix the type of steady state. 
These numbers have been defined in such a way that a range 
of values of the coolant temperature (T‘) and that of the 
heat-transfer capacity ((PUS), resulting in unique and point- 
stable operations, can be obtained for each combination of 
values of kinetic constants, adiabatic temperature rise, resi- 
dence time, and relevant physical properties (Du, Ao, Le). 

The procedure is applied to five different first-order reac- 
tion systems in four bench-scale (0.24-0.50 L) and two com- 
mercial reactors (6,000 L). Predicted and observed behaviors 
of these systems are compared in the “Application” section. 
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Process-Engineering Model 
The behavior of a first-order reaction system in a continu- 

ous stirred-tank reactor (CSTR) will be described with a proc- 
ess-engineering model, which means that the model can be 
used for design and operation and that each of the parame- 
ters has a physical meaning and a physically acceptable value 
that can be determined in a separate experiment (Fortuin, 
1970). The model consists of the following material and en- 
ergy balances that contain dimensionless physical quantities, 
that is, the three variables temperature (O), conversion ((1, 
and time (7) and the six parameters representing the resi- 
dence time (Da) ,  the adiabatic temperature rise (A,),  the 
heat-transfer capacity (St), the modified coolant temperature 
(Omc),  a ratio of heat capacities (Le),  and an arbitrary num- 
ber ( K 1. 

= - ( + D u ( l - ( ) e x p  
d5 
dr 
- 

(Material balance) (1) 

(Energy balance). ( 2 )  

The definition of the parameters in Eqs. 1 and 2 differ from 
those in “classic models”(Uppa1 et al., 1974; Ray and Hast- 
ings, 1980 Farr and Ark, 1986) in which the temperature of 
the reacting system is made dimensionless by using a refer- 
ence temperature containing the temperature of the coolant 
and/or that of the feed. In the present article, the following 
procedure is applied. 

The feed temperature Tf, the inlet coolant temperature Tc,i, 
and a constant physical heat production AQ are combined 
into the modified coolant temperature Tmc. Further, the tem- 
peratures and times of the dimension holding balances are 
made dimensionless with a constant reference temperature 
To = T A / ~  and a characteristic reaction time used as a refer- 
ence time to = k - ’  exp(K), in which K has an arbitrary cho- 
sen value. As a result, Om, = Tmc/To, and each of the remain- 
ing parameters Da, A,, St, and Le is independent of TmC. 

These definitions are applied in order to be able to show 
the separate effects of the heat-transfer capacity (HTC, char- 
acterized by St) and the modified coolant temperature (Ma, 
characterized by Om=) on the behavior of first-order reaction 
systems for a fixed set of values of Da, A,, and Le. With 
regard to the five dimensionless parameters in Eqs. 1 and 2, 
it may be stated that two of them can be considered as ratios 
of times (Da = tR/to; St = tR/tN), two as ratios of tempera- 
ture ( A ,  = A,T/T,; em, = TmJTo), and one as a ratio of heat 
capacities (Le  = (mLCp,L + m,Cp,w)/(mLCp,,)). 

Behavior of Reacting System 
For steady-state conditions ( fl = fz = 01, Eqs. 1 and 2 yield 

Eq. 3, which is represented by the S-shaped curves in Figure 
1 for 19 different St values. The S-shaped curves in Figure 1 
are the loci of points representing steady states of first-order 
reaction systems in a CSTR for a given set of values of Da, 
A,, and Le. Each S-shaped curve is associated with a fixed 
value of St. For a steady state, the following equation holds: 

0.150 
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Figure 1. S-shaped curves obtained with Eqs. 3 and 4 
for 19 different values of St and fixed values 
of Da =30, A ,, = 0.982694, Le = 1.5, and K= 25. 
The dashed line is the bifurcation curw (Eq. 8); the bold line 
represents the slope c u m  (Eq. 9). The points C,, C,, and C3 
refer to critical steady states. The three regions cover point- 
stable (I), orbitally stable (II), and unstable (111) steady 
states. 

K 
emc = - A s  (S-shaped curve), (3)  

in which 

A a  

l + S t ‘  
A , = e S - 0 , ,  and A m = -  (4) 

After differentiation of Eqs. 1 and 2 with respect to ( and 8, 
substitution of fi = 0, f2 = 0, ( = (,, and 8 = 0, and elimina- 
tion of the steady-state conversion 6, by applying Eqs. 1 to 4, 
the following equation for the Jacobian J is obtained: 

With the Jacobian J ,  the time-dependent behavior of in- 
finitesimally small perturbations (86 ,  80) applied at steady- 
state. conditions, can be calculated. The. trace and the. deter- 
minant of the Jacobian J associated with Eqs. 1 and 2 are 
given by 

1 
(Trace) ( 6 )  

1 - AS/AnI 

1 + s t  

Le(1- AJAJ 
det J = 
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( A ~  + emCY 
(Determinant). (7) 
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For each complete set of numbers (Da, Le, St, A,, Om,, and 
K), the type of steady state can be determined with Eqs. 3, 4, 
6, and 7. A point-stable steady state is obtained, if both the 
slope condition, det J > 0 (Van Heerden, 1953), and the dy- 
namic condition, tr J < 0 (Bilous and Amundson, 19551, hold. 
Substituting tr J = O  and det J = O  into Eqs. 6 and 7 and 
eliminating St using Eqs. 3 and 4 yield Eqs. 8 and 9, repre- 
sented by the dashed bifircation curve and the bold slope 
curve in Figure 1. These sign-changing lines are the loci of 
points on S-shaped curves where the sign of tr J and that of 
det J change. 

(Bifurcation curve) (8) 

( ernJdet = = 0, - - ','[ 1 + Daexp ( K - - ) I  (Slopecurve) 
K 

(9) 

The slope curve is the locus of points representing neutral 
stable steady states. 

In Figure 1, the two sign-changing lines divide the diagram 
into three regions: 

Region I (trJ < 0 < det J), in which all points refer to 
point-stable steady states. 

Region I1 (tr J > 0 < det J), in which the steady states 
are orbitally stable. This means that after an infinitesimally 
small perturbation of such a steady state, the relationship be- 
tween the concentration .$ and the temperature 0 will not 
approach a single point, but a closed loop or orbital in a .$, 8 
diagram (Vermeulen et al., 1986). Then the behavior of the 
reaction system will result in sustained oscillations of temper- 
ature and composition in time. These types of behavior are 
also referred to as limit cycles. For each orbitally stable steady 
state represented by a point on an S-shaped curve in Region 
11, the extreme values of the temperature rise, which can nu- 
merically be calculated with Eqs. 1 to 4, can considerably ex- 
ceed A,,, (Vermeulen et al., 1986). In the worst case, the max- 
imum temperature rise of these cycles is limited by the adia- 
batic temperature rise A,. 

Region 111 (det J <  O), in which the steady states are 
unstable. After an infinitesimally small perturbation, each 
steady state represented by a point on an S-shaped curve in 
Region 111 will result in a transition to a point-stable or or- 
bitally stable one. This transition can also numerically be cal- 
culated with Eqs. l to 4. 

In the next section, it will be shown that for given values of 
Da, A,, and Le unique and point-stable steady states are 
always obtained, if St exceeds two critical St values or ern, 
exceeds two critical ern, values. 

Critical Steady States 
In Figure 1, the S-shaped curve with St = St, has a contact 

point C,  with the bifurcation curve. This contact point is 
called a degenerate Hopf-bifurcation point, since two Hopf 

points coincide (Scott, 1993). It is obvious that all steady states 
represented by points located on the S-shaped curves with 
St > St, satisfy the dynamic condition, independent of the 
value of OmC. For the steady state represented by point C, 
(Om,, ,; A s , , )  of the S-shaped curve with St = St,, the follow- 
ing equations hold: 

(Steady state C,) .  (10) 

Further, it is clear that for the steady state represented by 
point C, (@,,,c,2; As,2)  in Figure 1, the following equations are 
valid: 

Figure 1 shows that for all steady states with em, > e)nC,, the 
dynamic condition is also satisfied. Moreover, one S-shaped 
curve in Figure 1 has a contact point with the slope curve. 
This point is referred to as a cusp catastrophe (Scott, 1993; 
Drazin, 1994). It is evident that in Figure 1 all steady states 
represented by points located on the S-shaped curves to the 
right of C,, that is, curves with St > St,, are always unique so 
that no unstable steady states can occur, independent of the 
value of OmC. For the steady state represented by point C, 
(Om,,,; AS,J the following equations hold: 

(12) 

Using Eqs. 3, 4 and 8 to 12, the following key-number rela- 
tionships can analytically be derived for three critical steady 
states represented by 

Point C,: 

D a = [ & (  -l+/q) 
.( -l+/m]] 

xexp[ { / = =  + i-1- K ]  

(13) 

Point Cz: 
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(15) 

Point C3: 

x e x p 2  [ { K- 11:3 +l} ' " -K]  (16) 

(17) 

From Eqs. 13 to 17, four boundary values (St,,  St,, and 
can be calculated, from which two simplified condi- 

tions can be derived, that is, an HTC condition and an MCT 
condition. The HTC condition includes St, from Eq. 13 and 
St, from Eq. 16. The MCT condition contains f3,,,c,2 from 
Eqs. 14 and 15 and Om,,, from Eq. 17. 

In the next section, it is shown that these conditions are 
applicable to all first-order reaction systems in a CSTR and 
that either the HTC or the MCT condition is suficient to 
obtain unique and point-stable steady states. With respect to 
the points C,, C,, and C, of Figure 1, it can be added that 
the relative location of these points can change for a differ- 
ent set of values of Da, Aa, and Le as is shown in Figure 2. 

Design Procedure 
The values of US and TC,; for unique and point-stable op- 

erations are derived in this section. If the values of fourteen 
relevant physical quantities (c,; CP,,;  Cp, f; Cp,L; Cp,,,; 
(-- A H ) ;  A Q ;  k :  m,; m,; TA; T,; a,,,; are known and 
a suitable value of K ,  for example, K = 25, is chosen, the val- 
ues of the numbers Da, Aa, and Le can be calculated with 
the definitions in the Notation section. For a conservative 
design of a reactor, the value Le = 1 has to be preferred. 
Substituting the values of these numbers into Eqs. 13 to 17 
yields the values of St,, St,, em,,,, and Then unique 
and point-stable steady states are always obtained if St or Om, 
is chosen in such a way that one of the following conditions 
holds: 

St, < St > St, (HTC condition) (18) 

or 

Each of these conditions is sufficient for obtaining unique 
and point-stable steady-states of a first-order reaction system 
in a CSTR. If St = St* satisfies the HTC condition, the re- 
quired value (US)* of the heat-transfer capacity, based on 
the local overall heat-transfer coefficient U, follows from: 

).  (20) 
am f ' P  I J St* [US]* = - a,,,cp,, In 
a m ,  c c p  , c 

The connection between US and the dimensions of the reac- 
tor and its accessories is elucidated in the Appendix. 

If Om, = O:c satisfies the MCT condition, the required value 
of the inlet coolant temperature follows from: 

eZcT,, - T - ~- he ).  (21) 
@ m , J C p . f  

If application of the HTC or MCT condition results in un- 
suitable values of the heat-transfer capacity or the inlet 
coolant temperature, the residence time (Da)  and/or the feed 
conditions (Aa)  can be changed and the boundary values up- 
dated, until the procedure results in suitable values of the 
four key numbers. 

If neither the HTC nor the MCT condition can be satis- 
fied, the boundaries of regions in which the steady states are 
point stable (PS), orbitally stable (OS), or unstable, can be 
calculated using the coordinates of the intersection points of 
the sign-changing lines (Eqs. 8 and 9) with the S-shaped curves 
(Eq. 3). In addition, it may be stated that with Eqs. 3, 6, and 
7, for each set of parameter values, it can be investigated 
whether the classic necessary and sufficient Van 
Heerden-Amundson condition: 

trJ < 0 < det J (22) 

for point-stable (PS) steady states is satisfied. 
A worst-case scenario, for example, due to failure of the 

stirrer resulting in a loss of the heat-transfer capacity (St -+ 01, 
can be accounted for by considering the adiabatic tempera- 
ture rise A, only. Even, if temperature oscillations or excita- 
tion as a result of multiple steady states occur, the reactor 
temperature can never exceed: 

em, = em, + A, or 

Application 
The design procedure outlined previously is applied to ex- 

perimental data of four bench-scale reactors ( A ,  B, C,  D )  
and two commercial reactors ( E ,  F ) ,  each containing one of 
the following pseudo-first-order reaction systems: 

( A )  Hydration of 1,Zepoxy propane; liquid phase (Antic 
et al., 1977) 

( B )  Hydration of 2,3-epoxy propanol; liquid phase 
(Vleeschhouwer et al., 1988) 

(C) Hydrolysis of acetic anhydride; liquid phase (Haldar 
and Rao, 1991) 

( D )  Decomposition of hydrogen peroxide; liquid phase, gas 
formation (Wirges, 1980) 

( E )  0x0 reaction; gas/liquid phase (Vleeschhouwer et al., 
1992) 

( F )  0x0 reaction; gas/liquid phase (Vleeschhouwer et al., 
1992). 
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Figure 2. In each map of Figure 2, the operating point b), the dashed bifurcation curve (Eq. 81, the solid slope curve 
(Eq. 9), and three S-shaped curves (Eq. 3) associated with the relevant set of critical steady states C,, C,, 
and C,  (m) are showl?; these maps correspond to the reacting systems A to f of Table 2. 
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Table 1. Relevant Physical Quantities of Five Different Reacting Systems in a CSTR Four Bench-Scale Reactors ( A ,  B, C, D )  
and Two Commercial Reactors ( E ,  F )  

Physical Reaction Systems 

C f  1.696 8.60 6.211 6.189 6.745 7.81 7.81 9.42 
3,210 2,374 2,444 2,449 4,200 2,400 2,400 2,400 
3,210 2,469 2,444 2,449 4,200 2,700 2,700 2,700 

Quantity* A B C1 c2 D El E2 F 

CP 
CPf 

k 5.54X 10" 1.40X 10" 5.20X 10" 3.43X lo'* 2.91 X 10'' 9.7X lo7 9.7 x 107 6.1 x 107 
m 0.224 0.30 0.290 0.290 0.50 3.38~103 3.38~103 3.38~103 

9,060 8,822 11.24X lo3 11.24X lo3 14.61 X lo3 11 X lo3 11 x 103 11x103 

( - AH) 89.20 X lo3 88.17 X lo3 58.62 X lo3 58.62 X lo3 94.8 X lo3 159 X lo3 159 x lo3 159 X lo3 

mwCp.r  0 427.3 83.7 83.7 0 4.6 X lo6 4.6 X lo6 4.6 X lo6 
'm,, 7.92X 1.81 X10-3 3.94X lo-' 4.02X 4.06X 3.20 3.20 2.76 
AQ 10.1 29.45 0 0 0 - 175 X lo3 - 175 X lo3 - 175 x lo3 

T C . ,  293.65 300.63 325.65 326.45 436.15 443.15 437.15 
T 249.80 270.18 327.35 326.85 303 303 303 

257.51 297.52 326.09 326.56 303.2 423.52 429.95 427.61 
0.263 29.45 27.28 25.42* * 16.73 98.103 98*103 118. lo3 (Pus 

- T A  

- 
?f,, 

*The required SI units are given in the Notation section. 
See the Appendix. ** 

Data of these systems were borrowed from the cited litera- 
ture and collected in separate columns of Table 1. Each col- 
umn of Table 2 shows the volume of the reactor and six 
dimensionless parameter values calculated with associated 
values of Table 1, using relevant definitions of the Notation 
section. Further, the values of trJ and det J, calculated with 
Eqs. 3, 6, and 7, have been added to the data of Table 2. 

Application of the Van Heerden-Amundson criterion (*  of 
Table 2) results in predicted steady-state behaviors (PS or 
OS), that agree with observed ones, except those of reacting 
systems Cl  and C2. 

With respect to the HTC and MCT conditions, the follow- 
ing procedure is applied. From the values of Da, A=, Le, and 
K ,  the boundary values St,, St,, 0mmc,2, and 0mc,3 were calcu- 

Table 2. Dimensionless Parameters of Five Different Reacting Systems A to F in a CSTR; Predicted and Observed 
Steady States 

Quantity A B C1 c 2  D El E2 F 
Volume 0.24 L 0.27 L 0.27 L 0.27 L 0.50 L 6,000 L 6,000 L 6,000 L 

Reaction Systems Physical 

Da 14.65 32.23 35.77 23.12 10.26 1.423 1.423 1.037 
4 
Le 

St 
em c 

tr J 
det J 

Predicted* 

Observed 

K 

Sfl 
Sf3 
emc.2  
emc.3 

S f - S t ,  
st - St, 

0.156 
1 

30 
0.103 
0.8527 
- 0.966 
0.0001 

PS 

PS 
- 0.202 
0.394 
0.8178 
0.8619 

+ 

0.8703 
1.538 

25 
6.590 
0.8431 

0.716 
27.05 
0 s  
0s 

12.50 
6.090 
0.8689 
0.8167 
- 
+ 

0.3976 
1.118 
30 

2.833 
0.8704 
- 6.483 
36.16 

PS 

OStt  
5.218 
2.749 
0.8743 
0.8404 
- 
+ 

0.3954 
1.118 

30 
2.582 
0.8716 

- 3.638 
23.832 

PS 

OSt+ 
4.907 
2.632 

0.8841 
0.8508 

0.469 
1 

45 
9.811 

0.9339 

0.739 
14.31 

0s 
0s 

11.72 
4.846 
0.9536 
0.9107 
- 
+ 

1.045 
1.39 
25 

11.34 
0.9625 

0.442 
18.18 

0s 
0s 

11.96 
5.760 
0.9759 
0.9088 
- 
+ 

1.045 
1.39 
25 

11.34 
0.9772 

-0.219 
32.56 

PS 

PS 
11.97 
5.759 
0.9759 
0.9088 
- 
+ 

1.261 
1.39 
25 

15.85 
0.9718 

- 1.209 
18.17 

PS 

PS 
15.12 
6.953 
0.9963 
0.9193 

+ 
+ 
- + - - - - - emc - em' .  2 + 

emc - em=, 3 + + + + + + + - 

os/u os/u ps/U PS/U 
PS/u p w  

Predicted** PS/M os/u os/u 
Observed PS/M O ~ / u  O S / u t t  OS/Mtt  os/u os/u ps/u PSAJ 
Predictedt PS/M os/u ps/u ps/u OSAJ os/u ps/U PS/u 
Observed PS/M os/u OS/ut t  OS/Mtt  os/u os/u ps/u PS,N 

ps/u ps/u ps/u 

*Van Heerden-Amundson criterion. 

tCriterion of Figure 2. 
ttThe discrepancy between predicted and observed behaviors of C1 and C2 is discussed in the Appendix. 

Criterion of present article. ** 
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lated with Eqs. 13 to 17 and substituted into columns A to F 
of Table 2. Application of the HTC criterion to St and the 
MCT criterion to Om, also result in predicted steady-state 
behaviors ( *  * of Table 2) that agree with observed ones, 
except those of reacting systems C1 and C2. 

In the maps of Figure 2, the steady states of reacting sys- 
tems A to F of Table 2 are represented by solid circles (0) 

and the associated critical points C,, C,, and C, by solid 
squares (M). Each of the maps also contains three S-shaped 
curves (Eq. 3), associated with the three critical steady states, 
and further the dashed bifurcation curve (Eq. 8) and the solid 
slope curve (Eq. 9). 

From the topography of the eight maps of Figure 2, the 
steady-state behaviors of systems A to F can easily be de- 
rived. The results are also represented in Table 2, in which 
these predicted steady-state behaviors (t) are compared with 
observed ones. Application of the three criteria of Table 2 
shows that discrepancies between predicted and observed be- 
haviors are only found for system C. This is discussed in the 
next section. 

Discussion 
With regard to reaction system C2 of Table 2, the value of 

(PUS could not be found directly in the article of Haldar and 
Rao (1991). However, using the (PUS value and the operating 
conditions of C1 in Table 1 and the given change in the 
coolant mass-flow rate, the approximate value of (PUS of C2 
could be calculated (see the Appendix), resulting in St < St,. 

< 
Om, < resulting in a predicted behavior OS/unique (U) 
or PS/U, which does not agree with the observed behavior 
OS/multiple (M). This difference may be attributed to a less 
accurate value of the HTC and/or unreliable values of the 
kinetic constants. The latter was already noticed by Haldar 
and Rao (1991). 

Further, Table 2 shows that for the commercial reactor E, 
a small decrease of Om,, from steady state E2 to steady state 
E l ,  results in a change from a point-stable steady state to a 
steady state with sustained oscillations. The observed steady 
states of the commercial reacting systems E and F com- 
pletely agree with the predicted ones. The good agreement 
between observed and predicted steady-state behaviors of the 
0x0 reaction systems E and F show that sustained tempera- 
ture oscillations can occur spontaneously, if the steady state 
is represented by a point in Region I1 of Figure 1. Note that 
these types of oscillations, which were already qualitatively 
described by Dubil and Gaube (1973), should not be con- 
fused with oscillations occurring in isothermal 0x0 reactors 
as a result of a complicated scheme of reaction kinetics (Falbe, 
1980; Seelig, 1976). It must be noted that an accurate de- 
scription of the behavior of a reacting system requires values 
of the kinetic constants of the pseudo-first-order reaction, 
which have been measured at representative operating condi- 
tions. This is necessary because the concentration of reac- 
tants and catalysts and types of solvents can also affect the 
order of the reaction and the values of the kinetic constants 
(Gold and Hilton, 1955; Bunton and Perry, 1960; Mitzner and 
Lemke, 1985). 

It can be added that for non-first-order reaction systems, 
equations similar to Eqs. 10 to 12 can be evaluated numeri- 

However, for reaction system C2, it was found that 

cally. It may be shown that, for fixed values of Da, A,, Le, 
and K ,  for example, the value of St, increases for reaction 
orders n < 1 and decreases for n > 1. 

Conclusions 
In the present article, two stability criteria are presented 

for design and operation of first-order reaction systems in a 
CSTR. It is shown that for given values of the kinetic con- 
stants, reaction heat, feed conditions, residence time, and 
relevant physical properties (Da, A,, Le, K ) ,  two boundary 
values (St , ,  S t , )  of the heat-transfer capacity St* and two 

OmC,,) of the modified coolant temperature 02, can be 
calculated with Eqs. 13 to 17. 

Unique and point-stable operations will occur: 

If St* satisfies St, < St* > St, (HTC condition) 

or 

If 62, satisfies Om,,, < 02, > Omc,3 (MCT condition). 

It should be noted that these conditions are sufficient but 
not necessary. Then, the heat-transfer capacity US* or the 
inlet coolant temperature 7''; required for a stable operation 
can be calculated with Eqs. 20 and 21. 

The stability criteria that have been applied to five differ- 
ent systems reacting in bench scale and commercial reactors 
lead to predicted behaviors that generally agree with ob- 
served ones. Moreover, it is confirmed that a decrease of the 
coolant temperature (e.g., to compensate for the effect of 
fouling) can result in a transition from a point-stable steady 
state to sustained oscillations, for example, the transition from 
steady state E2 to steady state El in Figure 2 (Vleesch- 
houwer et al., 1992), and that a decrease of the coolant mass- 
flow rate can result in a change from a unique operation to a 
multiple one (Haldar and Rao, 1991). 

It is further shown that sustained temperature oscillations 
in 0x0 rectors can quantitatively be explained with the pre- 
sent model including pseudo-first-order reaction kinetics, 
which was already qualitatively done by Dubil and Gaube 
(1973). 

Comparison of predicted and observed reactor behaviors 
showed that reliable predictions of the type of steady state of 
a reacting system require not only a correct mathematical 
treatment of stability conditions but also sufficiently accurate 
and representative values of relevant physical quantities, more 
particularly the kinetic data (Haldar and Rao, 1991). 

Notation 
c = concentration of the key component, mol/kg 
k = frequency factor of first-order reaction, l/s 
rn = mass, kg 

t = time, s 
tN= Newtonian cooling time, cpUS/(rnLCp,f), s 
t R  = residence time, rnL/@m.f, s 

T,, = modified coolant temperature, , 

= steady-state temperature of reacting system, K 
A,T= adiabatic temperature rise, ( -  A H ) C ~ / C , , ~ ,  K 

- AH= heat of reaction, J/mol 
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AQ = heat produced by stirring and mixing minus a heat flow to 
the surroundings, W 

Qrn = mass-flow rate, kg/s 

Dimensionless parameters 
A,,, = maximum temperature rise, Aa/(l + Sr) 
A s  = steady-state temperature rise, 8, - em, 
8= temperature of reacting system, T/r ,  
8, = steady-state temperature of reacting system, T,/T, 
(= conversion, 1 - c/c 
cp= efficiency factor (Lq. ~ 3 )  

Da = Damkohler number, (rnL/Qrn,,)k exp( - K )  = tR/rO 
n = reaction order 

Sr = Stanton number, cpUS/(QmP,Cp,,) = t,/r, 

Indices 
c = at coolant side 

det=Oatdet  J - 0  
f = feed 
L = liquid-phase reaction system at liquid side 
s= steady state 

t r=  0 at tr J =  0 
w = reaction vessel and accessories 

1,2,3= critical steady states represented by points C,, C,, and C, 
located on S-shaped curves with constant values of St,, St,, 
and St,, respectively 

* = design value 

Literature Cited 
Antic, B. M., A. H. Heemskerk, and W. R. Dammers, “The Hystere- 

sis of Steady States in Continuous Stirred Flow Reactors,”Pi.oc. K. 
Ned. Akud. Wet. Amsterdam, B 80: 133 (1977). 

Bilous, O., and N. R. Amundson, “Chemical Reactor Stability and 
Sensitivity,” AZChE J., 4, 513 (1955). 

Bunton, C. A., and S. G. Perry, “The Acid-catalysed Hydrolysis of 
Carboxylic Anhydrides,” J. Chem. SOC., 3070 (1960). 

Drazin, P. G., Nonlinear Systems, Cambridge University Press, Cam- 
bridge, England, p. 54 (1994). 

Dubil, H., and J. Gaube, “Dynamik and Regelung von Riihrkessel- 
Reaktoren, erlautert am Beispiel der 0x0-Reaktion,” Chem. Ing. 
Techn., 45, 529 (1973). 

Falbe, J., New Syntheses with Carbon Mono.de, Springer-Verlag, 
Berlin (1980). 

Farr, W. W., and R. Aris,*“Yet Who Would Have Thought the Old 
Man to Have so Much Blood in Him?-Reflections on the Multi- 
plicity of Steady States of the Stirred Tank Reactor,” Chem. Eng. 
Sci., 41, 1385 (1986). 

Fortuin, J. M. H., “Kinetics of and Parameter Estimation for the 
Treatment Steps in the Waste Heat Boiler and the Absorption 
Tower of the Nitric Acid Process,”Proc. ZSCRE 1, Chemical Reac- 
tion Engineering, K. B. Bischoff, ed., Advances in Chemistry Se- 
ries, Vol. 109, ACS, Washington, DC, p. 545 (1972). 

Gold, V., and J. Hilton, “The Hydrolysis of Acetic Anhydride: V. 
Catalysis by Strong Acids,”J. Chem. SOC., 843 (1955). 

Haldar, R., and D. P. Rao, “Experimental Studies on Limit Cycle 
Behaviour of the Sulphuric Acid Catalysed Hydrolysis of Acetic 
Anhydride in a CSTR,” Chem. Eng. Sci., 46, 1197 (1991). 

Mitzner, R., and F. Lemke, “Lasungmittelabhangigkeit der Spontan- 
hydrolyse von Essigsaureanhydrid,” Z. Chem., 25, 406 (1985). 

Perry, R. H., Chemical Engineers’ Handbook, 50th ed., McGraw-Hill, 
New York, 10.16 (1984). 

Ray, W. H., and S. P. Hastings, “The Influence of the Lewis Number 
on the Dynamics of Chemically Reacting Systems,” Chem. Eng. 
Sci., 35, 589 (1980). 

Razon, L. F., and R. A. Schmitz, “Multiplicities and Instabilities in 
Chemically Reacting Systems-A Review,” Chem. Eng. Sci., 42, 
1005 (1987). 

Schmitz, R. A., .‘Multiplicity, Stability and Sensitivity of States in 
Chemically Reacting Systems-A Review,” Chemical Reaction En- 
gineering Reuiews, H. M. Hulburt, ed., Advances in Chemistry Se- 
ries, Vol. 148, ACS, Washington, DC, p. 156 (1975). 

Scott, S. K., Chemical Chaos, Clarendon, Oxford, p. 44 (1993). 

Seelig, F. F., “System-Theoretical Investigation of Possible Oscilla- 
tory States in the Hydroformulation Process in an Open Isother- 
mal System,” Naturforsch. B,  31B(7), 929 (1976). 

Uppal, A., W. H. Ray, and A. B. Poore, “On the Dynamic Behavior 
of Continuous Stirred Tank Reactors,” Chem. Eng. Sci., 29, 967 
(1974). 

van Heerden, C., “Autothermic Processes,” Ind. Eng. Chem., 45,1242 
(1953). 

Vermeulen, D. P., and J. M. H. Fortuin, and A. G. Swenker, “Ex- 
perimental Verification of a Model Describing Large Temperature 
Oscillations of a Limit-Cycle Approaching Liquid-Phase Reacting 
System in a CSTR,”Chem. Eng. Sci., 41, 1291 (1986). 

Vleeschhouwer, P. H. M., D. P. Vermeulen, and J. M. H. Fortuin, 
“Transient Behavior of a Chemically Reacting System in a CSTR,” 
AIChE J., 34, 1736 (1988). 

Vleeschhouwer, P. H. M., and J. M. H. Fortuin, “Theory and Experi- 
ments Concerning the Stability of a Reacting System in a CSTR,” 
AZChE J., 36, 961 (1990). 

Vleeschhouwer, P. H. M., R. D. Garton, and J. M. H. Fortuin, 
“Analysis of Limit Cycles in an industrial OX0 Reactor,” Chem. 
Eng. Sci., 47, 2547 (1992). 

Weast, R. C., Handbook of Chemistry and Physics, 55th ed., CRC 
Press, E24, E26, F49 (1975). 

Wirges, H. P., “Experimental Study of Self-sustained Oscillations in 
a Stirred Tank Reactor,” Chem. Eng. Sci., 35, 2141 (1980). 

Appendix: Discussion of Effective Heat Transfer 
The experiments C1 and C2 in Table 1 were conducted 

under similar operating conditions. Multiple steady states 
(C2) were observed after decreasing the coolant mass-flow 
rate, resulting in a decrease of the heat-transfer capacity. 
Unfortunately, the article of Haldar and Rao (1991) only 
mentions one (PUS value. In the following, the effect of the 
coolant mass-flow rate and impeller speed on the (PUS value 
is discussed. It is shown that the mentioned decrease of the 
coolant mass-flow rate is sufficient to cause a change in the 
heat-transfer capacity from St > St, to St < St,. 

The local overall heat-transfer coefficient U based on the 
external surface area S of the cooling coil, can be calculated 
from: 

1 
1 D  D ’  

-+-In - +- 
f f L  2A (:) acd 

(Al) U =  

Table A1 shows the descriptions and values of additional 
parameters. Assuming a homogeneous bulk temperature of 
the reacting system and accounting for a quasi-steady-state 
coolant temperature profile along the coil, the heat-removal 
flow, based on the inlet coolant temperature follows from: 

in which 

The partial heat-transfer coefficient a, inside a helical coil 
can be calculated from (Perry, 1984): 

Nu, = 0.023Re~.aPr~”33 1 + 3 5 - ; Re, > 10,000. (A41 ( . :oil) 
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Table Al .  Physical Quantities of the Heat-Transfer Equipment for Reacting System Cl  

Parameter Description Value Unit 
A Coefficient in Eq. A5 4 6 . 6 ~  10-3 1 

DmiI 

Specific heat-reaction mixture* 2444 J/( kg * K) 
Specific heat coolantt 4180 J/(kg* K) 
Coil diameter 50 X m 

D External tube diameter 3.06 X m 
d Internal tube diameter 2.5 x 10-3 m p P  Impeller diameter 30 X m 

Length of cooling coil 2.1 m 

2:: 

Nim p Stirring speed 18.33 S - 1  

NU, Nusselt number (a,d/A,) 111.2 1 
Nu, Nusselt number ( aL D/AL ) 11.11 1 
n l  Exponent in Eq. A5 27-3 1 
n2 Exponent in Eq. A5 1/3 
p', Prandtl number (C,,,p/A,) 3.39 1 
t3i Prandtl number (C L q L / A L )  4.89 1 
Re, Reynolds number (pC vcd/tc) 19.8 X 10' 1 
Re, Reynolds number ( pLN,,D&& 17.4 x 103 I 

Velocity in tube 4.18 m/s ? External surface area coil (S = PDL)  20.2x 10-3 m2 
77c Viscosity Coolant+ 5.204 X Pa-s  
77L Viscosity reaction mixturett 1x10-~ Pa.s 
77L. w -qL at wall temperature 1 x 10-3 Paes 
h i 1  Thermal conductivity coil** 16.74 W/(m.K) 
AL Thermal conductivity reaction mixturett 0.5 W/(m - K) 
A, Thermal conductivity coolantt 0.643 W/(m K) 
PL Density reaction mixture* 1053 kUm3 

1 
I n3 Exponent in Eq. A5 0.14 

Pc Density coolantt 988.1 kg/m3 

*Linear combination pure component data. 
Value for stainless steel 316 (Perry, 1984). 

tWeast (1975). 
ttEstimated. 

** 

The external partial heat-transfer coefficient of the cooling 
coil is difficult to calculate u priori, since the reactor geome- 
try has a large effect on this coefficient. Unless a standard 
reactor geometry is used, the value of the heat-transfer coef- 
ficient can only be determined experimentally or roughly esti- 
mated from a correlation. 

Generally, the external partial heat-transfer coefficient aL 
of the coil can be calculated using the Sieder-Tate equation: 

NU, = ARe;j'Pr,"2 - ( ?:w r 3 9  

in which values n l  = 2/3 and n2 = 1/3 are commonly used 
and n3 is generally of the order 0.14. Parameter A depends 
on the reactor geometry and dimensions of the reactor, which 
are not known exactly. However, since the dimensions and 
geometry are fixed, A should be approximately equal for ex- 
periments C1 and C2 in Table 1. Coefficient A was calcu- 
lated using the operating conditions of C1, the dimensions of 
the reactor and accessories, Eqs. A1 to M, the cited value of 
qUS = 27.28 W/K (at N = 18.33 s-'), and assuming a con- 
stant viscosity (vL = qL,,,). For experiment C1, A = 0.04658 

Table A2. Heat-Transfer Capacities of Reacting Systems 
C1 and C2 

Parameter c1 c 2  Unit 
N 1,100/603 1,450/60 S - '  

%I,< 20.5 * 10- 10.17- kg/s 

27.28 25.42 w/K dJS 
St 2.833 2.582 - 

was obtained, using the physical quantities listed in Table Al. 
Assuming constant transport properties, the effect of the 
coolant mass-flow rate and that of the impeller speed can 
now be calculated for experiment C2. Table A2 gives the re- 
sults. It is clear that due to the decreased coolant mass-flow 
rate for experiment C2, St < St,  holds. However, the condi- 
tion Om, > predicts a unique steady state for C2, which 
does not agree with the experimentally found behavior. This 
result is probably due to insufficiently accurate data on the 
heat-transfer capacity and unreliable kinetic data of reacting 
system C. 
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