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i n  small tanks, turbine mixers can also be used in 
place of mechanical  pipeline mixers for continuous 
treating.  I f  the turbine is run  to discharge a large 
flow compared to the rate  of feed, rapid  and uni form 
mixing will result and the product  can be wi thdrawn 
continuously. 

Conclusio~ 

The principles of mixing are now so well under- 
stood tha t  it is possible to determine the fluid motion 
best suited for any  specific process. Equ ipment  can 
be selected that  will give the desired motion most 
economically. In  some processes pipeline mixing is 
sufficient and convenient. Most operations require 
intermixing of materials  on both large and small 
scales and can be done best with propellers and 
turbines operat ing in tanks. 

At  all stages of the development of a new process, 
exploratory-research,  bench-scale, and  pilot-plant,  at- 
tent ion to the mixing impeller and tank arrange-  
ment  is necessary so that  equivalent results can be 
reproduced in commercial  sizes. When scale models 
of propellers and turbines are used, with well-known 
flow, turbulence,  and power characteristics, the mix- 
ers can be selected with assurance. Otherwise the 
sizing of large-scale equipment  becomes main ly  con- 
jecture and improvisation.  
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Automotic Control 
JOHN W. TIERNEY, Remington Rand Univac, St. Paul, Minnesota 

o 
N E  OP T H E  M.OST S I G N I F I C A N T  TRENDS in the 

chemical indus t ry  has been the continuous de- 
velopment  of more and more complex automatic  

control systems. The modern  chemical processing 
plant  depends to a large extent on automatic  controls 
for much of its efficiency. Present  indications are 
that  this t rend toward more automatic  systems will 
continue and at  an accelerated rate. This is due in 
large par t  to the contributions made to development 
of basic control theory and control equipment  dur ing 
the last 10 years. Much of this development has been 
directed specifically at mi l i ta ry  applications, but  for- 
tunate ly  the problems involved in aiming a gun at an 
enemy ta rge t  are much the same as those encountered 
in sett ing a valve in a process line. Before discussing 
fu ture  developments however, it is best to review 
briefly some of the progress made in chemical process 
control and to establish in a general way the charac- 
teristics of a typical  chemical process control system. 
This system can then be used as a basis for discussion 
of fu ture  trends. 

Process Control Problems 

Before discussing control systems in detail, i t  will 
be best to spend a little t ime discussing some of the 
problems which are peculiar  to chemical processes. 

A characterist ic fea ture  of a chemical process is the 
large amount  of work  done with  f luids--gas,  liquid, 
and even solid. I n  the la t ter  case the solids are finely 
divided and suppor ted  in a gas or liquid stream. 
Usually one or more fluid s treams enter the process, 
pass through a number  of processing units, and then 
flow out as finished products.  The processing units 
probably  do one or more of three basic steps: heat  or 
coot the fluid, subject the fluid to conditions such that  
chemical changes occur, or mix the fluid with another  
material .  The most characterist ic chemical control 
problems arc found in the handl ing of flowing fluids. 
The usual control device (in fact,  pract ical ly  the only 
control device) used in a chemical p lant  is the valve. 
By opening and closing valves, materials  may  be re- 
routed through the processing steps or the speed at 
which they are moving may  be changed. 

STEAl M VALVE~ 

F I G U R E  I 

A typical  chemical process is shown in F igure  1. 
The process is typical  in that  all the elements in it 
are common- -no t  that  such a process is often found 
in chemical plants. The process is described in some 
detail  below because it will be used to i l lustrate the 
discussion of control systems given in the following 
sections. 

The reactants  are pumped  f rom the storage tank, 
through the heat  exchanger,  and then through the re- 
actor where a catalyst  is used to increase the reaction 
rate. I t  will be assumed that  the degree of reaction 
as measured by reactor effluent concentrat ion is the 
critical product  specification. The control agents 
which are available for changing the degree of reac- 
tion are the two valves, the one in the process flow 
s t ream and the other in the steam line to the heat ex- 
changer. The factors which determine the settings of 
these valves can be listed as follows: 

1. Changes in desired value of concentration in re- 
actor effluent. 

2. Changes in rate at which product  is required. 
Short - term variat ions can be smoothed by providing 
a surge t ank  a f te r  the reactor. In  the long run  how- 
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ever a sustained change in demand means a change 
in flow rate through the reactor. 

3. Changes in temperature  or composition of fluid 
at inlet to heat exchanger. These might be caused by 
changes in the processes used to produce the raw ma- 
terials, or changes in the conditions of storage. 

4. The rate of heat t ransfer  in the exchanger. This 
will change slowly with time and is caused by de- 
posits of scale on exchanging surfaces. 

5. Changes in catalyst activity. As the catalyst ac- 
t ivi ty decreases, it will be necessary to use higher and 
higher temperatures  to maintain the desired concen- 
t rat ion in the product.  

6. Other changes. Various other changes may oc- 
cur which will have minor effects on the process. Al- 
though these effects are minor, they cannot be ig- 
nored, and some provision must be made for handling 
a random upset  or change. Obviously, the relegation 
of effects to the " r a n d o m "  or " u p s e t "  category is 
entirely relative. All of the variables described above 
could be considered as of this type, and in the next  
section it will be seen that  present methods of proc- 
ess control usually operate in this way. 

P r e s e n t  C o n t r o l  P r o b l e m s  

The process described above in detail and shown in 
Figure 1 might be instrumented today as shown in 
F igure  2. Before discussing this control system in 
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detail however, some general: comments on present 
control methods are in order. Most chemical proc- 
esses are operated at " s t e ady  s ta te ,"  that  is, the goat 
of the instrumentat ion and control system is to main- 
tain a certain number of key variables constant in 
time. To do this certain other process variables, the 
control agents (usually valve settings), are changed 
in some predetermined manner. A one-to-one corre- 
spondence is usually assumed between the controlled 
variable and the control agent. This is an oversim- 
plification since interactions between various process 
variables are the rule ra ther  than the exception. 
However if the process is maintained at near steady- 
state conditions, this control may be quite satisfac- 
tory. 

The probabil i ty of operating at steady state for any 
length of time decreases rapidly as the complexity of 
the process increases. Hence most processes are di- 
vided into a number of smaller, simpler units, and 

each of these is operated as an entity. The connect- 
ing agent between units is usually the human oper- 
ator. I f  a change in processing conditions is required, 
the operator does it manually. To assist the operator 
each unit  is furnished with some extra capacity. In 
this way high f requency disturbances can be damped 
out, and only lower f requency changes need be han- 
dled by the operator. 

The control system is normally an analog com- 
puter,  operating on either a pneumatic  or electrical 
analog of the process variables. Calculations are usu- 
ally quite simple, being limited to mult iplying the 
error  by a constant (proport ional  action),  integrat-  
ing it with respect to time (reset action),  and differ- 
entiating it with respect to time (derivative action).  

Returning to F igure  2, is can be seen that  two con- 
trollers have been used. Each controller is independ- 
ent of the other. In  operation the analyzer measures 
the composition in the reactor effluent stream, and 
then controller No. 1 opens or closes the steam valve 
in such a way as to maintain the desired concentra- 
tion. I f  the rate of reaction rises above the desired 
value, then the valve will close. The heat input  to 
the exchanger is reduced, and ul t imately the reaction 
rate in the reactor will decrease. Similarly, an in- 
crease in reaction rate will result  f rom opening of the 
steam valve. Controller No. 2 acts to keep the flow 
rate constant by opening or closing the valve in the 
process line. Each controller would probably have 
the usual proportional,  reset, and derivative actions, 
and its action can be presented by 

(ltd~ f (1) --V~-ae--}-fl~_ -}--/ • d t  

where: 
V ~  Valve position, per cent. 
• ~ Error ,  actual value of variable minus 

desired value of variable. 
t ~ time. 

a, fl, 7 ~ constants. 

Knowing the characteristics of the controller and 
of the process and having some knowledge of the type  
of upsets to be expected, it should be possible to de- 
termine optimum values for  the constants a, fl, and ,/ 
for each controller. These optimum settings might also 
be determined by a t r ial  and error  procedure af ter  the 
equipment is operating. The optimum settings however 
can only be valid over a ra ther  limited range of proc- 
ess upsets. Such an elementary type of control as 
that  described here could hardly  be expected to han- 
dle any upset. For tuna te ly  most of the changes with 
which the control system will have to deal will be in 
the range for which control action is satisfactory. I f  
not, either the process or the instrumentat ion would 
be changed. 

With  this type of control any large change in op- 
erating conditions would be done by the operator. If,  
for example, a change in reactor outlet composition 
were desired, he would change the set-point and set- 
tings on the instrument  and perhaps part ia l ly  manu- 
ally control the process unti l  the new operating range 
has been reached. The operator might have available 
mechanical aids, such as graphic panels and auto- 
matic scanning and logging equipment. 

This control system operates efficiently within cer- 
tain limits. I t  is simple and economical; however it 
has several defects. 

1. I t  takes no corrective action until  an error  has 
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occurred. The failure to recognize a need for control 
action unti l  a f ter  an error  occurs is par t icular ly  bad 
if  the cause of the change and the means of applying 
the correction are separated f rom the measurement 
point by large capacities. In fact, a par t icular  type 
of separation called dead time or distance velocity 
lag is very  difficult to control. Dead time occurs in 
that par t  of a process in which a finite time length is 
required for the measuring device to note any change. 

2. The controller assumes a simple one-to-one cor- 
respondence or cause-and-effect relationship between 
the controlled variable and the control agent. In  the 
process discussed above, if it is assumed that  the de- 
sired flow rate is determined by conditions outside the 
process, then the only means of varying the reaction 
rate is the steam valve. In this case each of the process 
variables discussed previously (concentration of reac- 
tor effluent, flow rate,  reactant  conditions, heat t.rans- 
fer  ra te  in the exchanger, and catalyst activity) is a 
factor in determining the correct steam valve posi- 
tion, but  Controller No. 1 in Figure  2 uses only the 
concentration in its control section. 

3. The controller is capable of only the simplest 
kind of calculation, such as tha t  given by equation 1. 
Its inabili ty to solve more complex equations is basic- 
ally the reason for  items 1 and 2 above. When the 
error  is small, equation 1 is satisfactory, but  it can 
hardly  be expected that  the constants ~, fl, and 3' are 
independent  of error  and independent  of the set- 
point f rom which the error  is calculated. For  ex- 
ample, if a change in heat exchanger inlet tempera- 
ture, Ti, occurs at constant flow rate for  the process 
of F igure  1, the change in valve setting required can 
be shown to be: 

Kv , P~k (2) - - dV~  - - - ~ -  
Tf--T~ 2RTe~ (P,--P~) 

where: 
~ Value position, per cent, 

(eVA/Men 1) I dTI 

T~ ..... Temperature of reactants entering heat exchanger. 
Tf ~ Temperature of reactants leaving heat exchanger. 
T~ =- Temperature of steam saturated at P~. 
P~ ::= Pressure of steam in heat exchanger. 
Pz == Pressure of steam before passing through steam 

control valve. 
U ~ Heat t ransfer  coefficient in heat exchanger, 
:~ ~ Flow rate of reactants. 
Ca ~ Average heat capacity of reactants. 
A ~ Area in heat exchanger available for heat transfer.  
X ~ Latent heat of steam at  P~. 

....... Gas constant, 1.98 B.T.U./(lb.  mole) (°Rankine).  
K v ~  A valve constant. 

The assumptions and calculations involved in the 
derivation of equation 2 are not of interest here. I t  
is important  however to see that  the correct steady 
state relationship between valve position and inlet 
temperature  is a complicated expression. I t  should 
also be noted that  this equation is valid only af te r  
all transients have died out. During the period of 
change even more complex equations are required. 
For  example, if a decrease in inlet temperature  oc- 
curred, it would probably be desirable initially to 
open the steam valve more than required by equation 
2, then close it to a lower value, and then slowly 
cycle with decreasing amplitude until  the steady 
state is reached. 

Returning  to the steady state equation, if  changes 
in inlet temperature  are small and if  other variables 
such as flow rate are constant, then the quant i ty  in 
parentheses can be considered as a constant. The 

valve position would then be proport ional  to inlet 
temperature,  and equation 1 could be modified to: 

(3) - - V ~ a ~ + f l d c / d t  + y f c d t + a l  Wi 
This is sometimes done in modern control systems 

and is known as anticipation control or cascade con- 
trol  (1). To provide better control during the period 
of change to a new inlet temperature,  it might be de- 
sirable to include the derivative of Ti with time in 
equation 3 also. In  any  event, the use of an expres- 
sion such as equation 3 is at best an approximation 
which holds over a ra ther  limited range of operating 
conditions. I t  would be desirable to have controllers 
capable of solving more complex expressions where 
necessary. 

Future Trends in Chemical Process Control 
The process discussed above is only a single u n i t  

in a more complex process, but  at least as far  as the 
control system is concerned, it is t reated as being 
independent  of the rest of the process. This is typi- 
cal of chemical processes. They are usually subdi- 
vided into a number  of more or less independent  
units, each of which has its own instrumentation.  In  
each unit  the instrumentat ion is normally designed 
to maintain steady-state operating conditions. Co- 
ordination between units is done by  human operators. 

I t  seems likely that  fu tu re  t rends in chemical 
process control will be pr imar i ly  to consolidate the 
present multiplicity of independently controlled units 
into a single completely controlled process. A change 
in any par t  of a plant  will be automatically recog- 
nized by the control system and the appropriate  
action taken. As a result, the human operator  will 
be needed less and less for  routine control because 
changes resulting from new product ion requirements 
or operating conditions will be made by  the control 
system. The transit ion to a more unified control sys- 
tem will have to take into account the following 
factors: 

1. Interaction Between Process Variables. The pres- 
ent tendency to use only one process variable for  each 
control agent is not suitable for  really complete con- 
trol. I t  will be necessary to develop more thoroughly 
the relations between important  variables in chemical 
processes and utilize as much information as neces- 
sary to get the desired control. Equat ion 2 gives a 
good example of such a relationship for a very  simple 
process. Although it is complex, it is simpler than 
those found in most actual processes. On the other 
hand, it is unlikely that  anything as complicated as 
equation 2 would ever be solved in the form given. 
The main usefulness of such an approach is that  it 
points out which variables are important  and how 
they affect the proper  setting of the various control 
agents. 

2. Transient Behavior of Chemical Processes. Rela- 
t ively little is known about the transient  or unsteady 
state behavior of chemical processes. One result  of 
this has been the emphasis on steady state operation 
of processes. I t  is not only impossible to operate for  
very  long at steady state, but  it is not usually de- 
sirable because changes in production requirements, 
raw materials, economic factors, and processing equip- 
ment and techniques occur continually. Although lit- 
tle work has been done on the t ransient  behavior of 
chemical processes, interest in this subject is increas- 
ing rapidly.  Although much work is being done (2),  
more is needed. 
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3. Optimization of Chemical Processes. The avail- 
ability of large computing devices has opened up  new 
possibilities in the analysis and planning of industrial  
operations. Through the use of such techniques as 
l inear programming and statistical correlations it is 
possible to take into account economic factors, pro- 
duction requirements, equipment performance, and 
even make allowance for the effect of competitors '  
s trategy (3).  These methods can remove much of 
the uncer ta in ty  and even guesswork that  have gone 
into some of these decisions in the past. They also 
make it more and more important  that  the process be 
flexible enough to respond to changes as required. 
I t  may some day  be possible to give a computer  such 
economic information as is necessary, have it compute 
the optimum operating conditions, and then make the 
appropriate  changes in process control points. 

4. Need for New andBet ter  Control Systems. I t  
should be evident f rom the preceding discussion that  
new control systems will have to be devised. Whether  
they can be obtained by extension of present control 
systems or whether new concepts will have to be de- 
veloped is difficult to say. I t  is possible to predict  
however that  a system capable of controlling a proc- 
ess as described above will have to solve relatively 
complex equations, take into account several vari- 
ables in determining each process control setting, 
be able to have its control section modified or changed 
completely in a short time, and be able to accept 
instructions from such varied sources as computers 
and human operators. In  addition, the control sys- 
tem should be accurate, dependable, and as cheap as 
possible. 

Some of these points can be illustrated by examin- 
ing Figure  3 which shows how the process discussed 
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previously might be controlled. The controller ana- 
lyzes four  sources of information in determining the 
two valve positions. These are the product  concen- 
tration, the flow rate, the heat exchanger inlet tem- 
perature,  and any other variables from outside the 
process. This latter category would include the desired 
values of the variables. To change any quant i ty  it 
would only be necessary to send the information to 
the controller, probably as an electrical signal. The 
controller takes all four  inputs, performs any needed 
calculations, and then opens or closes each valve. The 
action is, of course, continuous in time. 

I t  is evident that if the controller is properly set 

and is capable of performing the necessary calcula- 
tions, it is possible to keep the process under  almost 
perfect  control at all times. Fu r the r  the process will 
be flexible and able to shift f rom one level of opera- 
tion to another with no in terrupt ion in product  qual- 
ity. The chief difficulty here is proper ly  adjust ing 
the controller. Admit tedly  that  would be difficult, 
but  it is not impossible. 

New Developments in Controllers 
Discussion until  now has been centered primarilY 

on what controllers should do. I t  is now in order to 
outline briefly just  how the requirements in (4) above 
might be met. To begin with, it should be noted that  
any controller action can be expressed as an equation, 
and therefore a controller can be considered as a com- 
puter  or, conversely, a computer can be used as a 
controller. There have been advances in computing 
devices in the last 10 years, and it seems almost cer- 
tain that  the controllers of the fu ture  will develop 
from present computing techniques. In analyzing the 
controller duties, it  is convenient to divide them into 
two groups, those duties that  involve the making of 
decisions and those that  do not. The ability to make 
decisions will be called "execut ive  ab i l i ty"  in the 
following discussion and is a vital par t  of the over-all 
control problem. Any  at tempt  to determine optimum 
operating conditions or to evaluate al ternative proc- 
essing schemes must involve the making of decisions. 
This executive ability is normally achieved only in 
the more complex computers and is necessary if hu- 
man operators are to be relieved of many of their  
duties. The non-decision making calculations are 
simpler, and less complicated computers can be used. 
I t  seems reasonable to predict  that  the automatic 
control system of the fu tu re  will have two kinds of 
controllers, simple ones to perform the routine calcula- 
tions and more complex ones for the more difficult 
control applications. In  essence, the more advanced 
computers will be used to coordinate the operation 
of the simpler controllers. In considering the type 
of controllers which will be used for each application, 
it is convenient to divide controllers into two groups, 
analog and digital. 

Analog Controllers. These computers represent the 
variables in the equations by  continuous physical 
quantities. Most controllers used today in chemical 
plants are simple analog computers which use air 
pressure or electrical voltage or current  as the analog 
quantities. :Electrical analog methods are used al- 
most exclusively in more complicated problems, and 
it seems almost certain that  the analog controllers 
of the fu ture  will be electrical. Much work has been 
done in the development of complex analog control- 
lers for  mil i tary uses, and the same princi~)les can be 
applied to chemical process problems. There is no 
question but  that  analog controllers can be designed 
today which will satisfactorily serve as non-decision 
making controllers. Some executive ability can also 
be built  in, but  it does not seem likely that  analog 
controllers can be used for some of the very  compli- 
cated optimization techniques now being applied to 
chemical processes--for  example, l inear programming 
problems which involve the repeated solution of large 
sets of simultaneous equations. 

Digital Controllers. These computers operate only 
on numbers. A desk calculator is a simple digital 
computer. Decision-making is an important  function 
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in large digital computers, and they are currently 
being used for the solution of problems involving the 
optimum over-all operation of chemical plants. For 
executive control applications, then, digital tech- 
niques are well developed. Although digital com- 
puters have not been used often for the simpler con- 
trol problems (primarily because of greater cost and 
relative newness), it seems quite probable that they 
will be used in the future. Special-purpose com- 
puters for control applications will be developed and 
should be cheaper than present general purpose com- 
puters. Some of the advantages of digital controllers 
are : 

1. Ability to perform complex calculations and 
generate non-linear functions. Digital computers can 
perform any calculation, but, of course, the more diffi- 
cult the calculation, the larger the computer must be. 

2. Ability to perform complex calculations with 
constant accuracy. Digital computers can have any 
desired degree of accuracy in calculations at rela- 
tively little increase in cost. The cost of analog com- 
puters on the other hand increases rapidly as the 
complexity of the calculation increases if constant 
accuracy is to be maintained. 

3. Ease of programming. The principle of stored 
programs makes the digital computer or controller 
an extremely versatile instrument. By merely issuing 
a new program, consisting of a sequence of numbers, 
the operations being performed can be completely 
changed. This feature is particularly important if 
the control system is to receive operating information 
or instructions front some computing center where 
economic analysis and optimization studies are being 
made. 

Summary 
Although the chemical industry makes extensive 

use of automatic controls now, it seems likely that 
the trend to more automatic control systems wilt 
continue until eventually the completely automatic 
plant will be developed. An analysis of present meth- 
ods with this ultimate goal in mind indicates that the 
following developments will take place: 

1. Abandonment of the present practice of using 
only one process measurement to determine the set- 
ting of a control valve. The correct setting for a 

control point is usually determined by several process 
measurements. 

2. Unification of individual units in chemical 
plants. Because of the inability of present control 
systems adequately to handle complex control prob- 
lems, it has been customary to subdivide a process 
into smaller units and handle each of these as a 
separate control problem. Human operators are nor- 
mally used to coordinate the operation of units. 

3. Inclusion of optimization techniques in this 
control system. Recent developments in large-scale 
computers and mathematical methods provide the 
basis for use of all available information in the con- 
trol system. This part of the control loop is cur- 
rently being done by humans. 

In order to provide control systems capable of per- 
forming the operations listed above, new controllers 
must be developed. In addition to being accurate 
and dependable they must perform several functions. 

1. Be able to handle many inputs and outputs. 
Interactions between process variables must be taken 
into account in each control action. This means that 
each input affects several outputs, and conversely 
each output is determined by several inputs. 

2. Be capable of making complex calculations. 
The more complete the control, the more important 
it is that the correct relations between operating 
variables be known and used. These relations are 
normally quite complex. 

3. Be so designed that its control actions can be 
easily modified or changed during operation. To ob- 
tain maximum benefit from optimization procedures, 
the control system must be versatile enough to accept 
changes during operation. 

The actual controllers which will be used will de- 
velop from present computing and control devices. 
It seems likely that the complete control system of 
the future will consist of a digital computer or con- 
troller for over-all decision or executive control which 
will have under its supervision smaller analog or spe- 
cial purpose digital controllers for the routine control 
problems. 

REFERENCES 

1. Gollin, Norman, Control Engineering, 3, No. 7, p. 94 (1956). 
2. Symposium on "Transient Chemical Process Behavior and Con- 

trol," Ind. Eng. Chem., 48, 999-1074 (1956). 
3. Symonds, Gifford It., Advanced Management, vol, XX, p. 11, 

M:ay 1955. 


