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Preface

The technical literature covering theoretical aspects of chemical engineering
simulation and optimisation is large in volume and continuously growing.
The practical application of these simulation and optimisation techniques
is, in contrast, very limited. The gulf between theoretical ideas and practical
implementation is wide, despite the tremendous value of these techniques.
In a world ever conscious of costs and profits, every technique which
helps to improve efficiency must be considered; simulation and optimisa-
tion techniques provide some of the more important methods for achieving
these objectives.

This book presents its material in a non-mathematical, and in some cases
a non-fundamental manner. The emphasis throughout is on the presen-
tation of the material in as simple a way as possible, with many complete
examples. A rigorous presentation of mathematical techniques can be
somewhat overpowering to an engineer who is merely seeking an efficient
and effective technique. This book aims, therefore, to be a user guide and
not a theoretical treatment.

The book will be valuable to the practising engineer who is anxious
to apply techniques, but does not wish to become involved with rigorous
theoretical derivations. The bock will also provide useful ideas for chemical
engineering degree students, and will be an introduction to the subject
for post-graduate students.

The contents cover both analogue and digital snmulatlon techniques,
although the emphasis is on the use of digital computers. Many computer
programmes are provided, these are written in the Fortran language used
on the IBM 1130 computer. This system of Fortran is one of the simplest
and the programmes should, therefore, be directly usable on most digital
computers. Techniques are generally introduced by means of a very simple
application followed by more realistic situations. This is particularly true
in the optiffiisation area, where techniques are applied to simple algebraic
expressions before being used for chemical engineering simulations.

I am indebted to many colleagues and friends at the North East London
Polytechnic for their valuable help and advice during preparation of this
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vi Time Dependent Chemical Processes

book. In particular I must thank Mr M. J. Young, Mr B. J. Hawkins
and Dr B. L. Klemz for their many valuable ideas and for their assistance
in proof reading. Finally I must mention my gratitude to my wife, without
whose patience and assistance this book would never have been written.

E. R. ROBINSON
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CHAPTER [

-

Dynamic Processes, Modelling and Simulation

Chemical process engineers are most often concerned with the design and
performance of continuously operated chemical plant under steady state
conditions. There are, however, many occasions when a knowledge of
the dynamic behaviour of a process is of great importance. The study of
such situations has increased in recent years with the greater use of com-
puting facilities, which has allowed investigations to be made of processes

SYMBOLS

Heat transfer area of heating coil

Heat transfer area for heat exchan ger

Heat transfer area for heating coil

Specific heat of liquid

Constant

Mass of liquid

Boundary conditions for liquid mass

Time

Boundary conditions for time

Heat transfer coefficient for heating coil
Heat transfer coefficient for heat exchanger
Heat transfer coefficient for heating coil
Liquid charging rate

Temperature of liquid

Temperature of liquid charge

Boundary conditions of liquid temperature
Temperature of liquid leaving heat exchanger
Steam temperature

Intermediate batch temperature

yielding dynamic equations which cannot be solved analytically.

The engineer’s task in studying a time dependent situation firstly requires
him to write down the equations which represent the process; these will

1



2 Time Dependent Chemical Processes

generally be a combination of algebraic and differential equations, with
the latter being either ordinary or partial in nature. Having satisfied
himself that the equations do truly represent the process under considera-
tion he must seek a solution. Only in the case of very simple processes will
an analytical solution be possible. The engineer must more often make use
of computing facilities to obtain his answers.

Condenser

Ref lux
accumulator

i =
---"I
Batch charge Packed or Product receiver
plate
distillation

column

Fic. 1.1. Batch distillation process.
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The stage of presenting the mathematics of a process in a manner which
demonstrates a method of solution is known as ‘ modelling’. The next stage,
the solution of the mathematics represented by the model, is wn as
‘simulation’. We shall be concerned with the modelling and”simulation
of chemical processes by analytical methods and by digital and analogue
computer techniques.

Analogue computers allow combinations of algebraic and differential
equations to be solved by establishing an analogous electrical circuit.
Observations of voltages in this circuit show how various process par-
ameters may be expected to vary with time. The electrical circuit is said
to simulate the performance of the chemical process. Generally speaking
the computer will simulate in a few minutes the operation of a chemical
process over many hours.

Digital computers make use of a different approach, they will recognise
and manipulate numbers only. Numerical methods must, therefore, be
used in the solution of both algebraic and differential equations.

There are advantages and disadvantages in using both analogue and
digital machines and these will be dealt with in the appropriate chapters.
Briefly, however, it may be said that analogue machines will be more
suited to small problems and digital to the larger processes.

The requirement that the chemical engineer should be able to solve,
by computer means, the equations which he derives is becoming an essen-
tial of his profession. In the past, engineers have tended to be categorised
into ‘computer orientated’ and ‘non-computer orientated’. This division
is rapidly disappearing, with all chemical engineers expected to be able
to use computing facilities and to recognise the value and pitfalls in that
use. Professional engineers are thus expected to be aware of computers
but not dependent upon them. This book aims to develop this awareness
in the specific field of time dependent chemical processes.

Consideration must now be given to areas of chemical engineering where
dynamic processes are important. The following fields are all studies in
process dynamics: :

1. Batch processes

2. Continuous cyclic operations

3. Start up and shut down operations
4. Process control

Batch processes are by their very nature dynamic since operation is for
a fixed time, during which many parameters, for example temperatures,
masses and concentrations will change. Batch reactions will result in
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changes in concentrations of the reactants and products, whilst batch
distillation involves changes im product concentration and quantity with
time. ‘

Cyclic processes are those in which operation is carried out in distinct
phases. Many catalytic chemical reactions result in a loss in catalyst
efficiency with time. Such reactions are often carried out with two reactors
in parallel, one being used for reaction whilst the catalyst of the other is
being regenerated.

Another example of a similar cyclic process is the Wulff process for the
production of acetylene. In this process acetylene is produced by the
thermal decomposition of certain hydrocarbons. The cracking is carried
out in a furnace containing hot brick checkerwork. The cracking is per-
formed in a cyclic manner with the bricks being first heated by the burning
of a gaseous fuel, followed by the cracking operation which reduces the
checkerwork temperature. The complete cycle takes four minutes with the
checkerwork being heated for one minute followed by one minute of
cracking. These two operations are then repeated through the furnace in
the reverse direction. Two furnaces, with staggered time cycles, are operated
in parallel to maintain a continuous flow of hydrocarbon through the

Fuel gas
Air 1 Furnace | |
r><)- E >+
X X Purification
Hydrocarbon Acetylene

mx;e&,t:

Air

RSN ISR

Fuel gas

F1G. 1.2. Wulff process for the production of acetylene.
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process. During the cracking operation the extent of cracking will be a
function of the brickwork temperature, which will be greater at the
beginning of the operation than at the end. Within each cyde the process
is dynamic with variations in product concentration, it is of value to be
able to predict this concentration variation in order to calculate optimum
cycle times. v

Recent suggestions (Cannon, 1961, Schrodt, 1967) have been made that
the process of distillation should be operated in a cyclic manner with the
reflux being sent to the column in pulses. Thus the concentrations of low
boiling components will increase at the top of the column during periods
when reflux is being applied, and decreased when it is not.

The stari-up and shut-down periods of chemical plant operation are
non-productive in nature and should, therefore, be reduced in time to a
minimum. Simulations of these periods are generally carried out with this
aim in mind.

The subject of process control is intimately tied up with a study in
process dynamics. It is necessary to be able to describe a process in
equation form and to use these equations in a process simulation which
will predict the performance of any given control scheme. It is the field of
process control which has largely been responsible for the impetus which
has developed for process simulation in recent years.

Having seen that dynamic processes are of importance in present day
chemical engineering, and may assume even more importance in the future,
we must look at the derivation of the equations which will form the basis
of our simulations. .

DERIVATION OF EQUATIONS

Consider the heating of a well stirred batch of liquid by use of an iso-
thermal heating coil as shown in Fig. 1.3.

Provided that there are no heat losses the rate at which heat is gained
by the mass of liquid is equal to the rate at which heat is transferred from

the coil.
M, = vae, - o .1

If the specific heat of the liquid and the heat transfer coefficient are assumed
constant the equation may be rewritten as

do
3 = K@, -9 (1.2)
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i

Fic. 1.3. Simple batch heating process.

where
UA
K= MC, (1.3)
Integration is then possible from the initial temperature 0., when t = 0,
to a new value 6, when ¢ = 15 to give

is (z i~ g:) = Kt (1.4)
The time required to heat the batch from an initial temperature 6, to
a new temperature 8, may be calculated from eqn (1.4) and the repeated
solution of this equation for different values of 6, may be regarded as a
simulation of the process.

Reference to eqn (1.1) shows that the process equation was derived from
the expression:

rate of heat accumulation = rate of heat inflow

For a more general case with heat outflow the relationship should be
written as:

rate of accumulation = inflow rate — outflow rate

This equation applies to heat or mass, but is applicable only when chemical
reactions gre not present. When reactions are present component concen-
trations are produced and heat is usually liberated or absorbed, resulting
in an extra reaction term in the above relationship. The equation, however,
holds for all non-reacting systeins-and will be much used in the simulation
of distillation columns. :

s
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It has been seen that provided constant values can be assigned to two
process parameters the equation representing the heating of an agitated
batch can be solved analytically. A study of the literature of heat transfer
will show however that the coil to fluid heat transfer coefficient may be
calculated from a complex relationship involving the ffid physical
properties and the overall temperature difference. The simylation of the
process is now the solution of eqn (1.1) with U a function ol temperature

and fluid properties. The problem cannot now be solved analytically, if .

allowance for variations in physical properties is made, and a different
approach is required. The accurate simulation of perhaps the simplest
dynamic process which may be envisaged has thus led to a single differen-
tial equation which cannot be solved analytically.

Methods for the solution of combinations of equations will be dealt
with later; at present we will concentrate on the derivation of equations
for simple dynamic processes.

Consider now the process of simultaneous heating and charging of a
batch of liquid as shown in Fig. 1.4. Before we consider the changes in
temperature and mass of the batch of liquid, it will be necessary to deter-
mine the temperature of the liquid entering the batch. If we assume that
the time taken for the external exchanger to reach equilibrium is very
‘'small compared with the total heating time, we may carry out a heat
balance around the heat exchanger to give:

o — 6,

WCp(O' _ 00) = U1A1 ln 0- 3 00 : (1.5)
0, — @
Rearranging this gives
1 9 L@ g
¢ = 6, — jmw—:,’, . (1.6)

Expressions may now be written down for the rate of accumulation of
both mass and heat within the batch. For mass we have

dM
S =W .7

For heat

4 e, = v.a0, - 0 + WC, (18)
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FiG. 1.4. Batch heating/charging process.

Expanding the left hand sic: of eqn (1.8) as the differential of a product,
treating C, as a constant, and using eqn (1.7) yields
%? = Updy(0; — 0) + WC,(0' — 6) (1.9)

A model of the process is shown in Fig. 1.5 in which the similarities
between the mathematical model and the physical situation are apparent.
The entries to each box represent the information needed for the calcula-
tions at each stage. It should be noted that the equations may be either
algebraic or differential and we shall consider, in later chapters, methods
for solving both types. =z e :

Our process simulation is now given by the simultaneous solution of
eqns (1.6), (1.7) and (1.9). If both heat transfer coefficients are assumed
constant and provided that the charging rate is kept constant an analytical
solution of these equations is possible. The solution will calculate the time
required to bring the process from its initial conditionsat # = 0 of M = M. 1
and 6 = §, to terminal conditions of M = M, and 6 = 0,.

A brief consideration of this problem will show that if the value of
the charging rate, W, is very low it will be possible to achieve the required
terminal temperature 6, as the liquid leaves the external heat exchanger.
*As the value of the charging rate is increased the temperature of the liquid
leaving, th€ exchanger will decrease and the value of M = M, may be
reached before the batch temperature reaches 6,. In this case the time
required will be calculated in two stages, the first will determine the time

MC,
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el’ Ulo Al
e 8,-8) 9’
Pl o) A7WC,
CT7AR
A, A o
8 U, A, (6,-8)+4C, (8- )
ar mc,

Fi1G. 1.5. Model of heater/charger problem.

required to bring the mass from M,; to M, whilst the temperature is

raised from 6, to some new value 6,’, such that 6, < 6, < 6,. The

second period will be that required to raise the temperature from 6,’ to

0, using the internal heating coil only. Using eqn (1.7) in (1.9) we may write
dé

WMC, 7 = (Uadals + WCE) — (Upds + WC)0 (1.10)

integrating this equation gives

WCs " & {(UA420, + WCL0") — (U, A, + WC,)6;} = ln—%
(UzAz o ch) {(UzAzos > WCpgl) 254 (U2A2 * WCp)Bl'} M1
(1.11)

which will enable a value for 6," to be calculatgd. The time, ¢, required
for this period is obtained, by integrating eqn (1.7), as
M- M,
A w
The period, 7;, required to bring the batch from 6,’ to 6, using the internal
coil only is obtained from eqn (1.4), i.e.

(1.12)

_ MG, (05 i 91')
ty = U, In =7, (1.13)
giving a total charge period
t=1t +1; (1.14)
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AN OPTIMISATION PROBLEM

It is interesting now to take a numerical example and to observe how the
charging time varies as a function of the charging rate.

2:01
=
@
E
s Lok
£
&
2
o >

0 i0 20 30 40 50

Chorging rote {(kg/h)
FiG. 1.6. Charge time as a function of charge rate.

Figure 1.6 shows how the time varies for different values of the constant
charging rate W, for the parameter values of Table 1.1.

It will be seen that the charging period required goes through a mini-
~ mum. This is clearly the best constant charging rate to use, since the ob-
jective in the process will be to bring the batch to its required temperature

: TABLE 1.1
PARAMETER VALUES FOR H'BATER/ CHARGER PROCESS

U4, = 10 keal/h °C
UzAa = 10 keal/h °C

oy 00 = 0°C
2 01 = 50°C
— 83 = 70°C
0, = 100°C
M, = 10 kg

M3=20kg
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and quantity in the shortest possible time. We may thus claim to have
found the optimum constant charging rate. In fact we will see later that
if consideration is given to policies which allow W to be a fynttion of time
there are policies superior to constant rate policies. Optimisation, we have
seen, is tied up with simulation and is often the reason for the simulation
studies. Subsequent chapters will deal with optimisations of this type.

Again, if consideration is given to the heat transfer coefficients for this
problem it will be noted that heat transfer coefficients derived from
dimensionless equations should be used in both cases, and the differential
equations are rapidly changed to a form which cannot be solved analytic-
ally, and use must be made of alternative methods.

This chapter has given an introduction to the subject of modelling,
simulation and the related optimisation. We have seen that even for very
simple processes, the equations may be of a form to preclude analytical
solution, and alternative methods, based upon computers, may be
necessary.



