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Learning to predict and prevent chemical process haz
ards is an essential part of the chemical engineer's 
education. Mannan, et al., Li l discuss in detail the vari

ous aspects of process safety education. They point out that 
safety in the process industry is of primary importance and 
is critical to the industry 's continuing license to operate. 
The number of accidents happening in the process indus
try is large. Mannan, et at.,r1 1 for example, quote a study 
that found that more than 34,500 accidents involving 
toxic chemicals occurred over a period of five years 
(1988-1992) in the U.S. Recently there have been many 
requests to develop standards for reducing the frequency 
and severity of chemical accidents. The university obvi-

ously plays a critical role in achieving this objective. 
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Mannan, et ar,£ 11 suggest that students should take specific 
courses on process safety engineering. Process safety should 
also be incorporated into existing chemical engineering 
courses, such as design, reaction kinetics, and thermody
namics. The objective of putting such great emphasis on 
safety issues is to ensure that safety will become second 
nature for the engineer. It is important to make it clear to 
students that safety considerations are essential components 
of the design and operation of process equipment. 

Learning by simulation is very effective since students 
have the chance to discover for themselves the consequences 
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The objective of putting such great emphasis on safety issues is to ensure that 
safety will become second nature for the engineer. It is important to make it 

clear to students that safety considerations are essential components 
of the design and operation of process equipment. 

of operator mistakes or of failure of a critical component. 
Simulation also enables students to consider various strat
egies for dealing with the emergency situation and then 
to rapidly investigate the effectiveness of these strategies 
in preventing culmination of the component ' s failure into 
a serious accident. 

Chemical reaction hazards are a major cause of accidents 
in the chemical industry ,l21 and thermal runaway reactions 
are probably responsible for most of those accidents. There
fore, no course in reaction engineering is complete without 
due treatment of runaway reactions.c11 To fully understand 
the various aspects involved in safety of exothermic reac
tions, issues related to the cooling and control systems must 
also be discussed. A realistic model of a cooled exothermic 
reaction can be, however, too involved and complex to be 
discussed in depth in a particular course. 

In order to solve this dilemma, we have selected a model 
described in detail in a textbook.C3J The course instructor can 
describe parts of the model relevant to the course and refer 
the students to the textbook for a detailed description of the 
additional subjects. The batch reactor model presented by 
LuybenC31 and the simulation technique described by Shacham, 
et al.,141 are used in this paper to derive a simulation exer
cise that allows students to investigate prime causes of 
incidents involving runaway reactors. The potential causes 
that can be investigated us-
ing this simulator include, for 
example, overcharging, fail
ure to control steam pressure 
or duration of steam heating, 
the loss of cooling water, and 
pipe blockage. 

Reactants charged initially 

T, v,c.,c., p 

MATLAB ,161 and POL YMATH,171 make it possible to present 
the simulation model in an almost mathematical form
which is easy to follow and understand. 

( PROBLEM STATEMENT ) 
The exothermic liquid-phase reaction A• B• C is carried 

out in a batch reactor, which is sketched in Figure I . 

After the reactant is charged into the vessel, steam is fed 
into the jacket to heat the reaction mass to the desired tem
perature. Thereafter, cooling water is fed into the jacket to 
remove the exothermic heat of reaction and to make the 
reactor follow a prescribed temperature-time curve. The ob
jective is to maximize the production of the desired product 
B (various hydrogenation and nitration reactions can serve 
as typical examples for such a sequence of reactions). 

The equations describing the operation of the reactor at the 
various stages are summarized in Table 1, Parts 1 and 2, (see 
next page). For further explanation, the reader is referred to 
the problem definition in Luyben ,l31 pages 51-62 and 150-
157, where the equations are shown in their mathematical 
form . The corresponding equation numbers are shown in the 
second column of Table l. The format of the equations 

Temperature transmitter 
__.. Prr 

Xs Steam 
P steam, Ws, Ps 

presented in Table I is that 
required by POLYMATH@ 
5.0 Numerical Computation 
Package. 

In order to investigate the 
various options, the student 
should be ab le to follow and 
understand the fairly complex 
simulation model in the form 
used for presentation to a nu
merical solver for solution. 
In the past, FORTRAN pro
grams-which are difficult to 
fo llow and understand-had 
to be used for simulation (see 
Luyben 131). The current ly 
available software packages, 
however, such as Maple,151 

Figure 1. Cooled batch reactor (based on Luyben'31}. 

The mass and energy con
servation equations for the re
acting liquid and the vessel 
metal are given in rows 1-5 of 
Table l. The equations for the 
heating/cooling jacket are dif
ferent for the various phases 
of the batch. The first phase 
involves heating with steam 
at a supply pressure given by 
Psteam. The corresponding 
equations describing the tem
perature (and additional vari
ables) inside the jacket are 
shown in rows 7-14 of Table 
1. Note that the calculation of 
the temperature inside the 
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jacket involves solution of a differential algebraic system of 
equations (DAE). The "controlled integration" method of 
Shacham, et al., [BJ is used for solving this DAE. A detailed 
explanation on the use of the controlled integration method 
for this particular problem can be found in this reference.l8

l 

into the jacket is turned on. This is governed by the variable 
cooling (see row 6 in Table 1), which initially is positive and 
keeps increasing as long as the temperature inside the reac
tor is greater than Theatmax. Thus it is always positive 
throughout the cooling period. 

Steam heating lasts until the temperature, denoted as 
Theatmax, is reached inside the reactor. At this point the 
steam heating is switched off and the flow of cooling water 

The equations representing the cooling-water-flow rate, 
water volume in the jacket, and heat transfer are shown in 
rows 15-1 7 of Table 1. The equation for calculating the 

8 TABLE 1 
Definition of the Equations and Output Variables for the Batch Reactor Problem 

Output variable Definition Description 
No. No. in Book Name Initial value Exothermic Reactions in a Batch ReactorlPOLVER05_0 

1 5.35 Ca Ca(0)=0.8 d(Ca)/d(t) = -k1•ca Concentration of A (mol/cu. ft.) 

2 5.36 Cb Cb(0)=0 d(Cb)/d(t) = k1 •ca-k2•Cb Concentration of B (mol/cu. ft.) 
3 5.37 T T(0)=80 d(T)/d(t) = (-HR1•k1•ca-HR2·k2·Cb)/rho-Qm/(rho•v) Temperature in the reactor vessel ( deg. F) 

4 5.38 Qm Qm= hi'A0m•(T-Tm)/60 Heat transferred through the metal wall (Btu/min) 

5 5.39 Tm Tm(0)=80 d(Tm)/d(t) = (Qm-Qj)/(rhom•cpm•Vm) Temperature of the metal wall (deg . F) 

6 Cooling Cooling(0)=0 d(Cooling)/d(t) = if (T<Theatmax) then (0) else (0.001) Jacket's operational status (0 heating, >0 cooling) 

7 5.40 rhos rhos(0)=0.0803 d(rhos)/d(t) = if (Cooling==0) then (ws-wc)Njmax else (0) Density of the steam in the jacket (lb/cu. ft.) 

8 new and 5.51 Tj Tj(0)=259 d(Tj)/d(t ) = if (Cooling==0) then (Kc•(err+drhosdU10)) else Temperature in the heating/cooling jacket(deg. F) 
(((FwO•(Tinj-Tj)+Qj/rhoj)/Vj)) 

9 5.41 err err= rhos-18•144•pj1( 1545.(Tj+460)) Steam density deviation for controlled integration 

10 5.42 Pj Pj = exp( 15. 70036-87 44.4/(Tj+460)) Steam pressure inside the jacket (psi) 

11 5.43 ws ws= if (Pj>Psteam) then (0) else (xs•cvs•sqrt(Psteam-Pj)) Steam mass flow rate {lb/min) 

12 5.44 and 5.49 Qj Qj = if (Cooling==0) then (-hos•Ajmax•(Tj-Tm)/60) else Heat transferred to the jacket (Btu/min) 
(how•Ao•(Tm-Tj)/60) 

13 5.45 WC we= -Qj/Hvap Condensate mass flow rate (lb/min) 

14 New drhosdt drhosdt = (ws-wc)Njmax Steam density derivative (for controlled integration) 

15 5.46 AO AO= Vj'AjmaxNjmax Heat transfer area for cooling (cu. ft: .) 
16 5.47 Vj Vj(0)=0.001 d(Vj)/d(t) = if (Cooling>0 and Vj<Vjmax) then (Fw0) else (0) Volume of cooling water in the jacket ( cu. ft.) 

17 5.50 FwO FwO = if(Cooling>0) then (Cvw• sqrt(Wp)'8.33•xwtrhoj) else (0) Cooling water mass flow rate (lb/min) 

18 5.52 Pt! Pt!= 3+(T-50)'12/200 Output pneumatic signal from temp. transmit. (psi ) 

19 5.53 P1 P1 = 7+2•(Pset-Ptt) Controller output pressure (psi) 

20 5.53 Pc Pc= if (P1 <3) then (3) else (if (P1>15) then (15) else (P1)) Control ler adjusted output pressure (psi) 

21 5.54 Pset Pset(0)=12.6 d(Pset)/d(t) = if (Cooling>0) then (RAMP) else (0) Set point signal (psi) 

22 see p. 151 x1 x1 = (Pc-9)/6 Steam valve - fraction open 
23 seep. 151 XS xs = if (x1<0) then (0) else (if (x1>1) then (1) else (x1)) Steam valve - fraction open (adjusted) 

24 seep. 151 xw1 xw1 = (9-Pc)/6 Cooling water valve - fraction open 

25 seep. 151 xw xw = if (xw1<0) then (0) else (if (xw1>1) then (1) else (xw1)) Cooling water valve - fraction open (adjusted) 

26 3.63 k1 k1 = 729.5488•exp(-15000/(1. 99.(T +460))) Reaction rate coefficient fo r A-> B (1/min) 

27 3.63 k2 k2 = 6567. 587'exp(-20000/( (T +460)' 1. 99)) Reaction rate coefficient fo r B -> C (1/min) 

8 Definition of Constants for the Batch Reactor Problem 
No Source Name Definition Description 

28 Table 5.12 HR1 HR1 = -40000 Heat of reaction fo r A-> B (Btu/mol) 

29 Table 5.12 HR2 HR2 = -50000 Heat of react ion for B -> C (Btu/mol) 
30 Table 5.12 rho rho= 50 Density of reacting mass (lb/cu.ft.) 

31 Table 5.12 V V = 42.4 Volume of reaction vessel (cu. ft.) 
32 Table 5.12 rhom rhom = 512 Density of metal wall (lb/cu. ft.) 

33 Table 5.12 Cpm Cpm = 0.12 Specific heat of metal wall (Btu/lb.- cu. ft .) 
34 Table 5.12 Vm Vm =9.42 Volume of m etal wall (cu. ft.) 

35 Table 5.12 rhoj rhoj = 62.3 Density of cooling water (lb/cu.ft.) 

36 Table 5.12 Tinj Tinj = 80 Cooling water inlet temperature (deg. F) 
37 FORTRAN progr. Theamax Theatm ax = 200 Temperature for swrtching from heating to cooling (deg. F) 
38 Table 5.12 Vjmax Vjmax = 18.83 Total volum e of the jacket (cu. ft.) 

39 FORTRAN progr. RAM P RAMP = --0 . 0005 Rate of Pset change with tim e (psi/min) 
40 Table 5.12 hi hi= 160 Inside heat transfer coeff. (Btu/hr-deg. F-cu. ft.) 

41 Table 5.12 A0m A0m = 56.5 Metal heat t ransfer area ( cu. ft.) 

42 Table 5.12 Ajmax Ajmax = 56.5 Jacket's total heat t ransfer area ( cu. ft.) 

43 Table 5.12 hos hos= 1000 Jacket's heat transfer coeff. (wrth steam, Btu/hr-deg. F-cu. ft .) 

44 Table 5.12 how how= 400 Jacket's heat transfer coeff. (with water, Btu/hr-deg. F-cu. ft.) 

45 Ta ble 5.12 Hvap Hvap = 939 Steam's heat of condensat ion (Btu/lb) 

46 Kc Kc= 7000 Proportional gain for controlled integration 

47 FORTRAN progr. Psteam Psteam = 35 Steam's su pply pressure (psi) 

48 Table 5.12 Cvs Cvs =112 Steam valve's coefficient (lb/min - sqrt(psi)) 

49 Table 5.12 Cvw Cvw = 100 Water va lve's coeffi cient (gpm/sqrt(psi)) 

50 FORTRAN progr. Wp Wp=20 Water header pressure (psi) 
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water temperature in the jacket is given in row 8. The equa
tions related to the control system- namely the output (pneu
matic pressure) signal from the temperature transmitter, the 
controller's output pressure, the set-point signal , and the 
fractional openings of the steam and water valves-are shown 
in rows 18-25 of Table 1. 

The Arrhenius equations describing the change of the 
reaction rate coefficients as functions of the temperature in 
the reactor are shown in rows 26-27 and the numerical 
values of the various constants are defined in rows 28-50. 

TYPICAL STUDENT ASSIGNMENTS 

1. Simulate the normal operation of the batch reactor by 
solving the model described in Table l , which also shows 
all the parameters and initial values. The reaction dura
tion is two hours and forty mjnutes. Verify the correct
ness of your solution by comparing your results with 
those shown in Table 2 and Figure 2. Note that if 
POLYMATH 5.0 is used to solve the model , the equa
tions, the constant definitions, and the initial values of the 
variables can be "copied" from Table 1 and "pasted" 
into POLYMATH 5.0. If another program is used, 
Maple or MATHLAB for exampl e, the equations must 
be rewritten in the syntax and format required by the 
particular program. 

2. Check the effects of overcharging. Change the initial 
concentration of component A to C.0=1.0 lb mole/ft3 (in
stead of C.0=0.8 lb mole/ft3 in normal operation). Note 
that the reaction vessel can withstand a pressure of up to 
1,600 psi, wruch is reached when the temperature in the 
reactor approaches 500°F. If overchargi ng results in a 
temperature runaway, sugges t changes of the operat
ing conditions that will enable successful completion 
of the batch . 

Name 
time 
Ca 
Cb 
T 

Om 
Tm 
Tj 
Pj 
Qj 
XS 

ws 
x:-N 

FwO 
k1 
k2 

TABLE2 
Batch Reactor Simulation Results for 

ormal Operating Conditions* 

Initial value Minimal value Maximal value 
0 0 160 

0.8 0.2534251 0.8 
0 0 0.4797339 

80 80 211 .70419 
0 0 1.32E+04 

80 80 164.3911 
259 89.494809 259 

34.4141 73 0.8065525 34.414173 
-168600 -168600 21170 

1 0 1 
85 .72406 0 85.72406 

0 0 0.3701784 
0 0 22.135179 

6.32E-04 6.32E-04 0.0097696 
5.43E-05 5.43E-05 0.0020885 

Final value 
160 

0.2534251 
0.4797339 
193.23402 
4345.6661 

164.3911 
151 .91749 
4.0967667 

4698.481 
0 
0 

0.0224042 
1.3396817 
0.0071075 
0.0013665 

* The solution is reported using an excessive number of digits for the 
stage of model and numerical solver validation. 
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3. Check the effects of failure to control duration of steam 
heating. Change Theatmax (the temperature in the reactor 
when the switch from heating to cooling takes place) to 
220°F and to 230°F (instead of the normal value of200°F). 
If this causes temperature runaway, suggest changes of 
the operating conditions needed for completing the batch 
successfully. 

4. Check the effects of pipe blockage. Change the value of 
Wp (water header pressure) to IO psi to simulate an extra 
drop in pressure because of pipe blockage. If this causes 
temperature runaway, suggest changes of the operat
ing conditions that will enable successful completion 
of the batch. 

5. Check the effects of cooling water fai lure. Set the value of 
FwO to zero starting at a point two hours after the start 
of the batch and lasting until its completion. Does this 
cause a temperature runaway? Check the effects of 
cooling water failures of various durations at various 
stages of the batch. 

6. Discuss the flexibility of the batch reactor system to 
operate in emergency conditions and suggest ways to 
increase the system resilience. 
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Figure 2. Variation of the temperature and the 
concentration of the desired product (CJ in 
the reactor (normal operating conditions). 
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Figure 3. Variation of the temperature and Cb in the 
reactor when reactant concentration is increased 

to C00=1 .0 lb mole/ff. 
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EXPECTED SIMULATION SOLUTIONS 

1. Normal operating conditions 
The initial, minimal, maximal, and final values of the 

principal variables are shown in Table 2. The maximal con
centration of the desired product B is 0.48 lb mole/ft3, mean
ing sixty percent of the reactant A is converted to B. The 
highest temperature in the reactor is 211. 7°F, well inside the 
safe region. It is interesting to note that the maximal opening 
of the cooling water valve (xw) is only 37%, meaning there 
is some excess capacity in the cooling water system. Figure 
2 shows the variation of the temperature and the concentra
tion of B in the reactor. The temperature increases steadily 
during the steam heating. It reaches its maximum a short 
time after the heating is turned off and cooling is turned on. 
From that point, it decreases gradually throughout the dura
tion of the reaction. 

2. Overcharging 
To simulate overcharging, the initial concentration of A is 

set to 1.0 lb mole/ft3
• Figure 3 shows the variation of the 

temperature and concentration of B in the reactor for this 
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Figure 4. Variation of the temperature and Cb in the 
reactor when reactant concentration is increased 

and heating period duration is decreased. 
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Figure 5. Variation of the temperature and Cb in the 
reactor when cooling water fails after two 

hours of operation. 
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case. Note that the temperature keeps increasing even after 
the cooling is turned on. The increase is gradual at first , but 
after about 35 minutes, runaway conditions develop. The 
temperature reaches the threshold limit of 500°F at 42 min
utes after the start of the batch. 

Shortening the duration of the steam heating period can 
prevent temperature runaway in this case. The variation of 
the temperature and concentration of B in the reactor when 
Theatmax is set to 125°F is shown in Figure 4. The tempera
ture rise continues long after the heating is turned off, reach
ing a maximal value of 241 °F. At this point, however, the 
concentration of A is low enough so that the cooling system 
is able to remove the excess reaction heat and prevent 
temperature runaway. The final concentration of B is 
0.637 lb mole/ft3

, meaning 63.7 % of the reactant, A, is 
converted to the desired product, B. In this case the 
reactor's performance is even slightly better than under 
normal operating conditions. 

3. Failure to control duration of steam heating 
If the switch from heating to cooling takes place when the 

temperature in the reactor reaches 220°F (set Theatmax=220) , 
the extra cooling capacity of the system is able to remove the 
excess of reaction heat and temperature runaway is pre
vented. The maximal opening of the cooling water valve is 
83%, the maximal temperature is 234°F, and the final con
centration of B is 0.625 lb mole/ft3- thus the batch is com
pleted successfully. If switching from heating to cooling is 
done when the temperature in the reactor reaches 230°F, 
however, runaway conditions develop after about 55 min
utes and the threshold value of 500°F is reached about one 
hour after the start of the batch. Prevention of temperature 
runaway in this case requires structural changes in the 
cooling system. Doubling the heat transfer area, for ex
ample, enables successful completion of the batch even 
with Theatmax=230. 

4. Pipe blockage in the cooling system 
Because of the extra cooling capacity of the system, re

duction of the effective water header pressure by fifty per
cent (brought about by pipe blockage) has very little effect 
on the temperature trajectory of the batch. The maximal 
temperature increases to 215°F, but there are no other no
ticeable differences from normal operating conditions. The 
maximal water valve opening is still only 46%. This means 
the cooling system extra capacity can accommodate an even 
more serious pipe blockage. 

5. Cooling water failure 
Cooling water failure can be implemented in the model 

(shown in Table 1) by introducing a new variable:fail=l, if 
there is cooling water failure, and fail=0 otherwise. The 
equation for calculating FwO (Eq. 17 in Table 2) must also 
be changed by multiplying it by (I-fail) . 

Figure 5 shows the variation of the temperature and con-
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centration of B in the reactor for the case where the cooling 
water system fails two hours after the start of the batch and 
is not recovered until the end of the batch. While the tem
perature increases considerably (final temperature is 278°F 
instead of the normal value of l 93°F), it is still far from the 
dangerous level of 500°F. The concentration of the desired 
product B is 0.495 lb mole/ft3, slightly higher than the nor
mal value of 0.479 lb mole/ft3

• 

The effect of cooling water failure depends very much on 
the timing and duration of this event. Even 25 minutes loss 
of cooling, for example, causes the development of runaway 
conditions if failure occurs during the first hourof the batch. 

DISCUSSION AND CONCLUSIONS 

This simulation exercise was given as a homework assign
ment to the students in the process simulation course at Ben
Gurion University of the Negev. Graduate and senior under
graduate students who have previously studied both chemi
cal reaction engineering and process control normally take 
this course. These students were asked to complete the as
signment in two weeks and most of them did so success
fully. They thought the assignment was challenging and 
interesting and said it helped them better understand the 
safety-related issues of reactor design. They discovered that 
increasing the heat transfer area of the cooling system (add
ing an internal cooling coil to the existing jacket, for ex
ample) could increase the resilience of the reactor. 

The batch reactor simulation can, of course, be used for 
demonstrating various effects of additional types of failures, 
but can also be used for raising some dilemmas that concern 
the interrelation between economics and safety. In this case, 
for example, economical considerations dictate fixing the 
set point of the cooling water controller at the highest pos
sible value in order to achieve a maximal yield of the desired 
product B. This reduces the safety resilience of the system to 
a minimum, however. 

Additional realistic safety-related simulation exercises can 
be found in Shacham, et al., 141 where a propylene polymer
ization reactor is analyzed, and in Fogler, 191 where the 
"nitroanaline reactor rupture" incident (Sauget, IL, 1969) is 
modeled. 
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erously while learning and pioneering this new style of 
graduate education. 

Only U.S. Citizens and nationals may apply, but LSU 
does accept international students into its regularly 
funded programs. 

Further information, phone contacts and application 
can be found at: 

http://igert.LSU.edu 
Women and minorities are encouraged to apply. 

LSU is an equal opportunity employer. 
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