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Abstract

Kinetic calculations for an example exothermal chemical process, the production of TCB, are carried out. They address both parameter uncer-
tainties and random failures of the cooling system. In this way, they enable one to establish comprehensive boundary conditions for a safety system
in terms of unavailability, the quantities of the undesired by-product (TCDD) produced and the times available before a required intervention,
if a pre-determined quantity of TCDD is tolerated. It is shown that accounting for stochastic effects and uncertainties derived from insufficient
knowledge provides a broader and more realistic knowledge base for devising a viable safety concept.
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1. Introduction

Component failures may have a significant impact on the
quantities of substances generated in a chemical process and pro-
voke unwanted side reactions. Data uncertainties will affect the
calculational prediction of these quantities. If both are accounted
for, more realistic boundary conditions for devising the safety
concept and establishing the success criteria for the safety sys-
tem, i.e. the conditions under which it fulfils its function, are
obtained.

Component failures are mostly treated on the basis of deter-
ministic assumptions, e.g. cooling failure at the beginning of the
process instead of letting it fail randomly, as occurs in reality.

Data uncertainties have been a concern in the optimization of
process plants (cf. [1-3]) but rarely in relation with plant safety
[4].

The objective of the present paper is to demonstrate the
impact of both effects and their potential for obtaining the bound-
ary conditions for the design of a safety system. This is done by
analysing the dynamics of the semi-batch process for the pro-
duction of trichlorophenol investigated in Ref. [5]. The salient
features of this process are described in the next section.
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2. Process description and reaction network

2,4,5-Trichlorophenol is used for manufacturing herbicides,
antiseptics or as a fungicide in paper and pulp mills. The process
used for its production is carried out in a semi-batch reac-
tor at a pressure of approximately 19 bar using methanol as a
solvent.

A total amount of 1400kg of the feed, 1,2,4,5-tetrachlor-
obenzene (TCB), is suspended in a mashing-tub together with
3.8 m? of methanol (CH3;0H) and 0.05 m> of sodium hydrox-
ide. The suspension is introduced into the reactor and heated to
141 °C. After that a total quantity of 0.775 m> of a 50% aqueous
solution of sodium hydroxide (NaOH) is added to the process
during a period of time of 60 min. The subsequent time for reac-
tion amounts to 13.5h. The reaction is exothermal and is held
at a temperature of 155 °C by a cooling system once it has been
started up by heating the mixture with steam of 156 °C.

The initial volume of the reactor contents amounts to 48251
reaching 56001 after the addition of the sodium hydroxide solu-
tion, which is fed into the reactor with a temperature of 25 °C.

Itis well known that during the process the highly toxic dioxin
(TCDD) is produced, albeit in minute quantities, as long as the
nominal range of the reaction parameters is maintained. A devi-
ation of the reaction parameters was the cause of the Seveso
accident (cf. [6]), in which an estimated quantity between 0.45
and 3 kg of dioxin was released into the environment.
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Fig. 1. Reaction network for the synthesis of TCP according to the Boehringer process (after Ref. [5]).

Table 1
Heats of reaction, pre-exponential factors and apparent energies of activation
for the reactions of Fig. 1

Reaction i AHp j in kJ/mol ki (428 K) in m3/(mol s) Epj in kJ/mol
1 —112 2.17x 1077 64.8
2 —50.5 7.70x 1078 146.5
3 -50.5 7.92 x107° 194.3
4 Not determined 7.90 x 1014 240
5 Not determined 2.70 x 10~ 13 220

The reaction network of the important steps (up to the forma-
tion of tetrachlorophenolate) is shown in Fig. 1. The parameters
required for describing the reactions mathematically are given in
Table 1. The network and parameters stem from a co-operation
of the authors of [5] with the Boehringer Company. Simulations
based on them agree well with experimental results obtained in
a 101 laboratory reactor and values measured in production, as
shown in Ref. [5].

3. Process model and deterministic results

The process model described in Ref. [5] is used. A heating
(reaction start-up) and cooling system was added. It is mod-
elled by a heat exchange between the reactor contents, whose
temperature is assumed constant over the heat exchanger sur-
face, and the heating, respectively, cooling fluid, which is cooled

Table 2
Substances of the process and relevant properties

down, respectively, warmed up whilst passing through the heat
exchanger (cf. [7]). The fluid mass flow is controlled by a PI
controller adapted from Ref. [8]. Failures of the system dur-
ing the cooling period are treated based on [9]. The underlying
concept is that of a well stirred reactor (cf. [10]). The result-
ing system of first-order differential and algebraic equations is
givenin Appendix A. Itis solved by a second-order Runge-Kutta
scheme with adaptive time steps.

The substances involved in the process and their relevant
properties are given in Table 2.

In order to elucidate the process behaviour calculations with
and without initial cooling failure and the point values for the
input data indicated in Tables 1 and 2 were carried out. They refer
to the existing process as well as to a modification extending the
time period for NaOH solution feed to 10h. The results are
presented in Table 3.

It is evident that the quantities of TCDD produced during
normal operation are minute, whilst cooling failure steps up its
production more than a hundred-fold. The critical parameter
obviously is the process temperature.

It is interesting to note that extending the feed period to 10h
leads to a much more benign process behaviour. Even after an
initial failure of the cooling system quantities of TCDD are
produced which are only about four times those from nominal
reactor operation. The instant in time of cooling failure vitally
affects the quantity of TCDD generated, whilst the variations in
TCP yield remain small. This is illustrated by Fig. 2.

Number i Substance Chemical formula Molecular mass M; Heat capacity cp, in J/(kg K)

1 1,2,4,5-Tetrachlorobenzene (TeCB) Ce¢H,Cly 215.9 937.9

2 2,4,5-Trichloroanisole (TCA) C7H5Cl150 211.4 953.32

3 2,4,5-Trichlorophenolate (TCP) Ce¢H,Cl30ONa 219.42 884.8%

4 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) C12H4Cl4 0, 321.97 889.92

5 Miscellaneous by-products - 200° 700°

6 Aqueous solution of sodium hydroxide (50%) NaOH + H,O 40.0°¢ 3274.0

7 Methanol CH3;OH 32.04 2541.0

4 Calculated according to Ref. [11].
b Assumed values.
¢ NaOH only.
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Table 3
Substances generated and process parameters (without considering uncertainties)

Operating regime

NaOH feed during 1 h

NaOH feed during 10 h

Cooling No cooling Cooling No cooling
Maximum quantity of TCDD in mol/in kg 0.0201 2.275 0.0209 0.0750

0.0065 0.732 0.0093 0.0241
Maximum quantity of TCP in mol/in kg 4708 4791 4687 5304

1033 1051 1028 1164
Maximum temperature in K 428.15 478.2 428.15 444.5
Final temperature in K 394.2 420.4 414.8 426.5
Time of start of cooling in min 25.0 - 190.0 -
Heat removed by coolant in kJ 768,968 - 288,583 -

Considering by way of example a level of approximately
110% of the final level in case of correct functioning of cooling
as tolerable, viz. 0.022 mol of TCDD (7.1 g), a critical period
for a cooling failure may be derived. This is the period during
which a cooling failure leads to a quantity of TCDD a larger
than that stated above. It amounts to the first 2.04 h for 1 h feed
and to 7.9h in case of 10h feed.

4. Data uncertainties

Most of the data involved in predicting the behaviour of
chemical processes are uncertain. These uncertainties may either
be due to a lack of knowledge (epistemic) or derive from the
stochastic nature of important events for process behaviour such
as the failure of operational components (aleatory).

Normally, the data are treated as unknown fixed quantities
which may be determined by experiment within specified con-
fidence bounds. But the latter are rarely specified.

In order to account for uncertainties the data are no longer
considered to be fixed but their behaviour is assumed to be ran-
dom as a consequence of uncertainty. Random variables are
treated by statistical distributions, whose parameters are nor-
mally estimated on the basis of experimental results.

The input data with largest influence on the calculation results
in the present case are the rate constants and heats of reaction (cf.
Table 1). Unfortunately, no information on their uncertainties is
available in the present case. Therefore, a generic approach was
adopted. It consists in (a) the choice of a distribution and (b) the
fixing of the distribution parameters.
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Fig. 2. Production of TCCD and TCP as a function of the instant in time of
cooling failure (feed periods 1 and 10 h).

The distribution chosen in this particular case is the log-
normal distribution (cf. [12]). It is well suited for quantities
defined on the positive axis.

Its probability density function (pdf) is given by

1 —(Inx — p)?
ex _ ],
N 27sx P 252

where x is the random variable in question, e.g. the heat of reac-
tion, u the mean value of the logarithms of that variable and
s is the corresponding standard deviation. The distribution is
characterized by its expected value

J) = x>0 ey

s2
E[X] = exp (u + 2) 2

its median or 50th centile (50% of the values lie below and 50%
above)

xs0 = el 3)
and its 5th and 95th centiles denoted by x5, respectively, by xgs

x50
X05 = £ and  x95 = x50Kos 4

95

Kos is the uncertainty factor defined as follows:
K95 — el.6449s (5)

where the value of 1.6449 is the argument of the standard normal
distribution corresponding to a probability of 0.95. Hence, as is
frequently done, the factor is chosen such that 90% of the values
of x lie between xg5 and xo5.

In view of indications contained in Refs. [13,14] K95 =1.25
was chosen for the rate constants and Kogs=1.05 for the
enthalpies of reaction. This means that 90% of the values are
comprised within intervals of +25% for rate constants and +5%
for reaction enthalpies, respectively. The Koys factors for rate
constants in Ref. [13] lie between 1.16 and 10 and in Ref. [15]
between 1.41 and 3.16, albeit for different reactions.

The choice is somewhat supported by the indication in Ref.
[16] that the target for uncertainties of rate constants should be
15%.

By the same token the heat capacities of the substances
involved in the process (cf. Table 2) are not well known with the
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Table 4
Components of a typical cooling system and corresponding failure rates from
Ref. [18]

Component i Expected value of failure Uncertainty
rate A; per 10%h factor Kos

Temperature sensor 1 28.6 1.5

Signal transducer 2 13.9 33

Controller 3 25.7 2.5

Pneumatc control valve 4 19.8 1.7

exception of those for water, methanol and the sodium hydrox-
ide solution, which are considered to be virtually exact. They
were therefore obtained using the atomic element contribution
method, which provides data affected by average errors in the
9-10% range (cf. [11]). This information can be used to specify
a log-normal distribution for the heat capacities concerned with
the mean values indicated in Table 2 and an uncertainty factor
Kos=1.11.

The same uncertainty factor is assigned to the enthalpy of
mixing between NaOH and TeCP, which amongst others may
be affected by random variations in lye concentration.

5. Calculation of component lifetimes

The probabilistic analysis of a typical chemical reactor [9] has
shown that the control system of the cooling circuit is the weakest
link for reactor safety. Such a control system typically consists
of the components contained in Table 4. They are arranged in
series in the sense of reliability (cf. [17]), i.e. the failure of any
one of them would make the cooling system break down and
call for the safety system (i.e. emergency cooling) to operate.

The random lifetimes of the components are calculated based
on the exponential distribution, which is the only one applying
to constant failure rates, using the following relationship:

1
= —1 6
T y nu (6)
where u is a random number uniformly distributed on [0,1].
Since the system is a semi-batch reactor, the instants of time of
cooling failure are calculated using the following relationship:

N I S o 4
Ifail = min 4(n) —|— | T @)
i=l1,...,

where T is the cycle time, i.e. duration of the reaction (14.5h)
plus 2 h for discharging the reactor and preparing the resumption
of production. [] denotes the integral part of the quotient. Should
the component failure occur during the preparation period for
the next charge, it is supposed that the failed state is discovered
before operation is resumed and that the component is repaired.
This assumption may easily be relaxed, if necessary.

6. Uncertainty propagation

Both epistemic and aleatory uncertainties are treated using
the Monte-Carlo method (cf. [19]). In order to keep the num-

ber of trials low, Latin Hypercube sampling was used for the
epistemic uncertainties. The straight Monte-Carlo approach was
employed for component lifetimes. A total number of 2500 tri-
als were made, leading to an average temporal spacing between
the moments of cooling failure of 24 s, which is considered to
be adequate.

7. Calculations accounting for uncertainties

Table 5 repeats the calculations presented in Table 3 tak-
ing into account the parameter uncertainties. The results show
a marked influence of the uncertainties, which, however, have
different impacts depending on the parameter considered. The
Kos factors are largest in the cases where temperature is not
controlled due to cooling failure. They are especially large for
the quantity of TCDD produced. This shows that the predictions
made with point values (cf. Table 3) may considerably under-
estimate the quantity of TCDD present in the reactor. This fact
should be accounted for in elaborating the safety concept.

Additional calculations reveal a strong sensitivity of TCDD
production on the enthalpy of mixing. Its variations, which may
result from both deficiencies in knowledge and fluctuations in
the composition of the aqueous solution of sodium hydroxide,
strongly influence the process temperature. Hence, the compo-
sition should be carefully controlled.

8. Calculations with stochastic cooling failures

The above cases were treated once again. The cooling now
fails at a random point in time. One set of calculations accounts
for failures alone and the other one additionally considers the
epistemic uncertainties of the input data. Table 6 provides the
details.

It is clearly visible that, considering the stochastic nature of
component failures, on the average lower quantities of TCCD
are to be expected than after initial cooling failure. If data uncer-
tainties are accounted for, the predicted quantities are somewhat
higher.

9. Boundary conditions for a safety system

The above calculations provide the basis for devising a safety
system for the reactor which accounts for both the demand fre-
quency and the quantity of TCDD involved.

The total expected frequency of the initiating event “cooling
failure” is calculated as the sum of the data of Table 4 to be
0.8 year—!. However, only 13.4% of the cooling failures occur
during the critical first 2.22 h of the process, so that 0.11 year™!
critical demands on the safety system are to be expected, in
case the feed is completed within 1 h. Should the feeding pro-
cess be spread over 10h, 26.0% of the cooling failures would
be expected during the corresponding critical period so that
0.21 critical demands on the safety system would be expected
per year. However, the quantity of TCDD involved is consider-
ably smaller in the latter case, no matter when cooling failure
occurs.
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Table 5
Calculations accounting for parameter uncertainties (quantities in mol and kg)

Operating regime

NaOH feed during 1 h

NaOH feed during 10h

Cooling Kos No cooling Kos Cooling Kos No cooling Kos
Maximum quantity of TCDD Expected 0.0203 4.346 0.0210 0.0853
in mol/in kg value 0.0065 120 1.399 953 0.0068 121 0.0275 1.90
95th 0.0242 ’ 16.19 ’ 0.0253 ’ 0.1617 ’
cen- 0.0078 5.212 0.0081 0.0521
Maximum quantity of TCP in E'lxepected 4692 4575 4662 5217
mol/in kg value 1030 105 1004 141 1023 1.06 1145 L12
95th 4905 ' 6304 : 4935 ’ 5831 ’
cen- 1076 1383 1083 1279
Maximum temperature in K tile 428.15 491.1 428.15 454.6
Final temperature in K Expected value 394.3 420.5 414.8 426.5
95th centile 395.3 10025 437 LOL 41509 1003 430.1 1.01
Time for start of cooling in min Expected value 18.3 - 133.4 -
Heat removed by coolant in kJ Expected value 769,411 - 290,479 -
95th centile 760817 10005 _ 200875 01 _

Table 6

Calculations accounting for stochastic cooling failures with and without data uncertainties

Operating regime
parameter uncertainties

Stochastic cooling failure without

Stochastic cooling failure including
parameter uncertainties

NaOH feed Kos NaOH feed Kos NaOH feed Kos NaOH feed Kos
during 1h during 10h during 1 h during 10h
Maximum quantity of TCDD Expected 0.1042 0.0363 0.1409 0.0368
in mol/in kg value 0.0335 1455 0.0117 L61 0.0454 9.36 0.0118 3.0
95th centile 0.4030 ’ 0.0775 ’ 0.5233 ’ 0.0917 ’
0.1298 0.0250 0.1685 0.0295
Maximum quantity of TCP in Expected 4749 4929 4718 4882
mol/in kg value 1042 Lo4 1082 Lol 1035 1.09 1071 112
95th centile 4957 ’ 5386 ’ 5142 ’ 5446 ’
1088 1182 1128 1195
Maximum temperature in K 478.2 444.5 485.8 452.6
Final temperature in K Expected value 395.8 418.7 395.8 418.5
95th centile 4048 102 4266 LOOL 4045 L02 4263 1.02

The above frequencies of demand enable one to fix the tar-
gets for the unavailability of the safety system (i.e. emergency
cooling). This may be done, for example, in accordance with a
safety goal. Should this, by way of example, be 107 year™! this
unavailability would have to be of the order of 1074,

Another important aspect is the time which is available before
an intervention, e.g. emergency cooling, is needed. The results
obviously depend on the instant of cooling failure; they are given
in Fig. 3. The underlying requirement was that the quantity of
TCDD should not exceed 0.022 mol.

Fig. 3 indicates that the time before intervention required is
always more than half an hour, even if the statement is based
on the 5th centile of the results. This shows that an automatic
emergency cooling system may be supplemented by human
emergency interventions. Sufficient time is available for the
latter. Credit may be taken from this fact when deciding on
how to meet the unavailability target of the emergency cooling
system.
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Fig. 3. Times available for intervention after cooling failure (including 5th and
95th centiles).

10. Summary and conclusions

The time behaviour of a chemical reaction with a critical
dependence on process temperature was presented in detail. The
calculations enable one to
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o assess the quality of the results by including data uncertain-
ties and to estimate the expected maximum quantity of the
hazardous side product;

o identify the time frame for necessary interventions;

o assess the expected frequencies of demand for the safety
system or additional interventions and to thereby derive
unavailability targets for the safety system.

Hence, it may be concluded, that calculations which account
for data uncertainties and the stochastic nature of component
failures provide more comprehensive and realistic boundary
conditions for the design of a safe process.

Appendix A. Process and reactor model
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- Feed:
. Vi—V;
Vin =
Ty
- Heat capacity Cp (accounts for heat capacity of residual prod-
ucts, which produces an increase of the total heat capacity
from 15,600 to 20,100 kJ/kg after feed):
Cp = 116.82(n7,; — ny)
- Heat loss from the reactor (which varies with reaction tem-
perature and amounts to 21 kW at 155 °C) [5]:
QOloss = 0.15556(T — 293.15)
Coolant energy balance and PI controller

. . Aky
Ocool = ey w(T — Te in) |:1 — €Xp (_ : >:| (A9)

Mmcp,w
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t Di

sh = ke(ue — KivytT) + 51,  sp(0) =0 (A.12)



150

U. Hauptmanns / Journal of Hazardous Materials 148 (2007) 144-150

General process conditions

kw Heat transfer coefficient 0.5kW/(m? K)

A Area for heat exchange 12m?

Tin Temperature of sodium hydroxide feed 25°C

AHpix Enthalpy of mixing (NaOH/TeCB) —30kJ/mol

Vi Initial volume 48251

Vi Final volume 56001

Ty Dosification period for NaOH 60 min

ni; Tetrachlorobenzene (TeCB) (initial 6161 mol
quantity)

n4; Miscellaneous by-products (initial 368 mol
quantity)

ne i Sodium hydroxide (initial quantity) 950 mol

ni; Methanol (initial quantity) 93,827 mol

06 Density 50% aqueous solution of sodium 1521.7 x 1073 kg/l
hydroxide

07 Density of methanol 773.2 x 1073 kg/l

Cr Heat capacity of the reactor 6800 kJ/K

Cooling system including control

0 Net heat generation kW
(reaction + mixing — Qjoss — feed)

Tejin Coolant inlet temperature 20°C

Cpw Coolant heat capacity (water) 4.179kJ/(kg K)

a Coolant/steam mass flow at time ¢" 2kgls
(when T=428.15 K is reached)

T Cooler time constant 100.0s

K Cooler gain 5.0kg/(smV)

Uc Command signal 428.15mV

ke Proportional gain 10.0

Knvi Gain of temperature in mV transducer 1.0mV/K

Ko Gain 10.0

K Gain 1kg/(skW)

Di Integrator coefficient 5.0s
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