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There are many excellent articles (1,2,3,4,5,6,8) g1T1ng the general 
reasobs for and the philosophy behind the use ot digital computers in the 
controlling of production processes. Some ot the pioneering efforts by 
Stout and Laspe (1,2,3), as early as 1957, formed the basis for many of the 
digital control systems in use today. Subsequent papers by Roberts (6) 
Stout (6), Brandon (5), MRdigan (12,13,14), Freilich (19), and. Laspe (15) 
presenting the results of actual case studies haYe bolstered the technical 
literature on computer control systems. It is not the intent of the present 
paper to _dwell ~eavily upon the objectives of computer systems, nor upon 
their design, for these aspects of the pr·oblem have received 'adequate atten-
tion in the afore-mentioned papers. · 

• 

It is the purpose of this paper to present the broad aspects of on­
stream computer control and especially as these aspects affect the curricu­
la of chemical engineering. In attempting to accomplish this objeotiTe, I 
would like to present a few generalizations, followed by a survey or the ex­
tent to which computers are used in on-line control. Next, as an example, 
the computer control of an ammonia plant will be discussed to illustrate the 
various branches of engineering and science required in its design. Finally, 
the mo·st important point, as touching upon this present ~ession, will be a: 
discussion of those fundamental things. which a student in an engineering 
school should learn to understand the .use of on-line control computers. 

In order to orient our thinking along the lines of on-stream control 
computers, a few generalities should be considered. What are the ingredients 
that go into making up a computer controlled process? Once these individual 
ingredients are recognized, then we are in a better position to determine 
the engineering talents required for the design, construction and operation 
of such a system. 

Let us briefly reTiew a few fundamentals. All manufacturing processes 
are designed and intended to be operated to produce a profit. This profit 
results from the c~eation, by a combination or physical and chemical trans­
formations, of a product or products whose Talue exceeds the cost of the 
raw materials and their processing. A major goal of management in plant oper­
ation is the maximization of this · profit. Thia statement may be considered 
as the process objectiTe. Therefore, the purpose of computer control .is to 
proTide the latest and the most efficient means ot reaching this process ob­
jectiTe. It ls realized that, since physical and chemical transformation are 
inTolTed, many Tariables influence the · realization of the process objective. 
When one or more of these variables are beyond the control of the operator, 
such Tariables are classed as disturbance variables. Compensation for these 
d1st\il\bancea is the prime justification for any control scheme. For without 
disturbances, control would not be required. 

When there is but a single disturbance variable inTolved in the opera­
tion of a plant, then it is possible to derive a unique solution to the con­
trol problem. In other words, for any given value of the .disturbance varia­
ble, there is only one set of control variables which will meet the desired 
objective. In this instance, simple relationships may be found which will 

·relate the manipulated variables to the disturbance variables then in effect. 
on the other hand, when two or more variables are beyond the control of the 
10 perator an interesting situation arises. In this case there are generally 
two or more feasible solutions. Of these feasible solutions, ~ne will p~ob-
ably ~ield the greatest economic return and, therefore, is the desired opti­
mum solution. It is in these areas where computer control may be justified. 
Recently, an excellent article by Elliott and Longmire (21) g1Tes the dollar_ 
incentiyes for .computer control. The results of their studies on six differ 
ent production processes is presented • 

. 
·. The MRrch issue of control Enginee~ing presented a survey of on-stream 

control computers. At that time tfie score card showed 35 ciosed loop com­
puting control installations, either on-line or scheduled to be on-line by 
early 1962.· Of these 35 installations, nearly half were to be· used in either 
chemical or petroleum processes. In-September ~f 1961 Freilich (19) presented 
another survey of process control computers in use. Freilich shows a total of 
63 process control computers, of which 20 are used in the chemical and petro- . 
leum industries The latest figures aTailable from the May 1962 issue of 
control Enfinee;i~ ( 20) show a total or 159 control computer sales, ot :1hich 
43 are Ins ailed n the ch~~cal and -~e~roleum fields. . 

- - . l 
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Although- the preceding statistics are both encouraging and 1nterestin 
they do not tell the complete story. Table r · summarizes the known instal-g, 
lstions of digital computers in process control or those units known to be on 
order. In the petroleum field, several installations have been reported on 
catalytic crac~ing plants and on crude distillation units. Single installa­
tions have been reported for catalytic polymerization, alkylation, and ther­
mal cracking. In the chemical field ethylene and ammonia appear to be good 
candidates for computer control by reporting several installations on each. 
In addition other computer controlled chemical processes include vinyl chlor­
ide, styrene, acrylonitrile, acetaldehyde, ethylene oxide, and the exotic 
"alfol" plant of the Continental Oil Company. As can be .. seen from a study of 
this list, the gamut of applicable processes is limited only by economic 
necessity and the imagination of the system designer. 

From the above list we have chosen as the working example to be dis­
cussed here today, the computer controlled ammonia plant of Monsanto Chemical 
Company at Luling, Louisiana. A fairly complete description of this particu­
lar installation has already been given by Eisenhardt and Williams (17) in 
the November 1960 issue of Contr~l Engineering. 

For purposes of description, the ammonia process can be conveniently 
divided into three separate operations. The first of these is concerned 
chiefly with the preparation of raw synthesis gas. The second section is 
concerned with purification and compression, and the third and final section 
is the synthesis unit itself. In the gas preparation area three chemical re­
action stages are involved. The primary reformer, the secondary reformer, 
and the CO converter. The feed to the primary reformer consists of natural 
gas and steam which in the presence of a catalyst reacts to produce hydrogen, 
carbon monoxide, and some carbon dioxide. External heat is applied to this 
unit from a reformer furnace burning natural gas. Essentially 90% of the in ­
coming gas is convert~d. Steam reforming is the principal reaction involved, 
although the water gas or CO conversion reaction accounts for some of the hv-. u 

drogen produced. The variables over which control can be exercised are the 
flow rates of the natural gas, the fuel gas and the p~ocess steam. 

The secondary reformer serves two specific functions. Firstly, to pro­
vide additional reaction volume for continuation of the reforming and CO con­
version reactions initiated in the primary, secondarily, to serve as the in­
jection point at which nitrogen is introduced into the system. Atmospheric 
air is used as the source of nitrogen. In the secondary reformer the oxygen 
from the air which has been introduced reacts with some of the methane and 
hydrogen in the feed to form water plus CO and CO2. The only independent 
variable over which control can be exercised is the flow of process air. 
Note that at this particular point in the process, essentia lly all of the 
natural gas has been converted into product gases. The residual methane con­
tent is in the order of 0.3 of one percent. There is also an appreciable a ­
mount of carbon monoxide. The effluent from the secondary reformer flows 
directly to the CO converter. 

The sole purpose of the CO converter is to produce additional hydrogen 
from the incoming carbon monoxide by means of the water gas re~c tion. pd­
ditional water is injected at this point in the form of low pressure steam. 
Because of fundamental thermod~amic and kinetic considerations, the carbon 
monoxide is not completely consumed. The exit concentration is in the order 
of three percent. At this point in the process the hydrogen to nitrogen ra ­
tio· is fixed and remains constant throughout the remainder of the operations. 
At this particular point in the process, carbon dioxide represents approxi­
mately 15% of the entire raw synthesis ga s. This a long with the carbon mon­
oxide must be removed before the synthesis gas can be charged to the fina l 
ammonia synthesis reaction stage. 

carbon dioxide is removed from this raw gas stream by passing it 
through a standard Girbotol unit. Mono-ethanol amine is used a s the absor -
bent. 

A compression plant consists of several parallel reciproca ting com­
pressors. Each compressor is equipped with five stages of compression. The 
gas pressure is boosted from approximately 20 pounds per square in?h a t the 
inlet to 5,500 pounds per square inch gage at the outlet. The entire gas 
stream, however, does not pass through all five stages: At the outlet o! 
the fourth stage, the process gas is diverted to the high pressure purlf1ca ­
t1on unit. The ·main function of this unit is to remove carbon monoxide, 
plus any residual carbon dioxide. Copper formate i s used as the absorbent 
for co. · The residual CO2 is removed by a final caustic wa sh. After remova l 
of impurities the purified synthesis gP. s is then directed to the last stage 
of compressio~ from whence the gas flows to the synthesis unit. An a~alysis 
of the exit gas shows an essentially pure hydrogen, nitrogen mixture 1n the 
. ~io of approximately 3 to 1. 
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Table 1 
SURVEY OF PROCESS COMPUTER APPLICATIONS 

Company-Location 

1. Allied Chemic~l Corp. 
South Point, Ohio 

2. American 011 Company 
Whiting, Indiana· 

3, B.A.S.F. 
Ludwigshafen, Germany 

4. B.F. Goodrich Chemical 
C~lvert City , Kentucky 

5. Celanese Corporation 
Bpy City, Texa s 
Bishop, Texas 

6. Continental Oi l Company 
LAke Charles, LA • . 

?. Dow Chemical Company 
Midland, Michigan 

8. ·Dupont 
Beaumont,Texas (2) 
Florence, s.c. 
Circleville-, Ohio 
Gibbs.town, N.J. 

-
9. DX-Sunray 

10. 

11. 

Tulsa, Oklahoma 
Gulf 011 Company 
Philadelphia, Pa. 
Imperial Chemical Ind. 
England 

12. 

13. 

14. 

16 .• 

• 

Monsanto Chemical Co. 
Luling, Louisiana 
Ch,ocolate Bayou, Texas(4) 
Owens-corning Fiberglass 
Aiken, s. CProlina 
Petroleum Chemicals,Inc. 
Lake Charles, La. 
Phillips Chemical Co. 
Borger, Texas . 
Bartlesville, Oklahoma 
Shell Development Company 
Emeryville, Calif. 

17. 

18. 

19. 

20. 

22. 

23. 

24. 

Sun Oil Company 
Marcus Hook, Pa. 
Standard 011 Co.(N.J.) 
Linden, N .. J. 
Baton Rouge, La. 

Standard 011 Co.(Calif.) 
El Segundo, Calif. 
Richmond, Calif. 

Tennessee Eastman 
Kingsport, Tennessee 
Texaco 
Port Arthur, Texas 
Tidewater 011 Company 
Delaware City, Delaware 
Union Carbide corp. 
Charleston, W. Va. 
Seadrift, Texas 
Seadrift, Texas 
Universal 011 Products 
Des Plaines, Illinois · 

Computer 

RW-300 
. 

IBM-1710 

'RW-300 

R1d-300 

. 

H-290 
RW-300 
RW-300 

GE-312 

ISI-609 
ISI-609 
ISI-609 • 

IBM-1710. 

RW-300 

RW-300 

Ferranti 

RW-300 
H-290 
ISI-609 

RW-330 

Recomp II 
TRW-330 
PB-250 

IBM-1710 

LGP-30 
LGP-30 

IBM-1710 
Recomp 

GE-312 

RW-300 

ISI-609 

RW-300 
RW-300 . 
Daystr9m 
Daystrom 

Delivery 

1961 

1961 

1961 

1959 

1962 
1962 
1961 

1960 
1960 
1961 
1961 

1961 

1961 

1959 
1962 
;I.960 

1963 

1959 
1962 

·, 

1961 
1959 

1961 

·1959 

1960 
1961 
1958 

•• 

Process 
. 

Annnonia 

Crude distillation 
. ' 

Chemicel process 

Vinyl chloride and 
acrylonitrile 

2-:-Ethly hexanol 

3 

Vapor phase oxidation 
Alfol process --

_ Styrene · 

Chemical process 
Chemical process 
Chemical Process 
Acrylonltrile 
pilot plant 

Crude distillation 
. 

Catalytic cracking 

.Soda Ash 

Ammonia 
Chemical process 
Logger 

• 

Ethylene 

Portable Logger 
Portable logger 
Logger 

Catalytic cracking 
logger 

Pilot plant -logger 
Catalytic cracking 
logger 

Catalytic cracking 
Product run 
calculations 
Chemical prooes_s 

Catalytic 
~olymeri-zation 
Naphthalene . 

.Pilot plant ,logger 
Chemical process 
Ethylene 
Pilot plant logger · 

• 

-
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Table II 
CRITERIA FOR JUSTIFYING MONSANTO'S 

COMPUTER CONTROL SYSTEM 

September 1963 

1. Meintain maximum gas flow in spite of changing weather and process 
oonditions. 

2. Maintain an optimum hydrogen-to-niyrogen ratio. 
3. MAintain an optimum methane concentration at the shift converter exi t 

unless in conflict with 1 or 2 . 
4- Meintain maximum shift efficiency if not in conflict with objectives 1, 

2, or 3. . 
5. Maintain objectives 2, 3, and 4 under reduced flow condi tions. 
6. Reduce raw matertals flow immediately and safely to compensate for any 

loss of compression. 
?. Log out all important process variables. 
8. Provide the plant operator with messages in case of abnormal proce ss or 

instrument conditions. 
9. Provide failsafe features such t hat instrument or computer malfunc t i ons 

are detected, alarmed, and prevented from affecting the process. 
~o. Comtrol t he fuel and air to the reformer furnace • 
. 1. Maintain a specified steam-to-dry gas ratio at t he exits of t he s econdar y 

reformer and the co converter. · 

The synthesis plant feed is combined with a r ecycle stream to form t he 
feed to the s~thesis reactors. Because of the low conversion per pa ss, ( sp­
proximately 12%) a high recycle ratio is required. Ammonia is recovered in 
the reactor effluent gases by condensation. I n order to prevent excess i ve 
build-up of inerts in the system, purging or vent i ng is re quired. 

Now let us turn our a ttention to s ome of t he f ac tors i nvolved in ma~i nE 
this part i cular plant a good candida te f or computer control. AS has been 
pointed out by Ei senhardt and Williams (17) . 

"While there may be a tendency to overdesign some plant equipment 
an engine-compressor system is usually conservatively s i zed be ­
cause it represents a major fract i on of the capital cost of an 
ammonia plant. The engine compre ssor system is t hus likely t o 
be one ofthe first units to bottleneck the plant ·as pr oduc tfon 
increases. At Luling t he highest possibl e production r a te and 
t heref ore t he maximum economic r eturn i s obtained by opera t ing 
the compressor system a t maximur.1 poss ib l e capaci t y ." 

Due to the very definite influence of ambi ent condi tions, particul arly 
tempera ture, upon internal combu stion engine compre ssor eff i c ienc ies, the 
allowable horsepower to be expended by t he compre ssor i s not a fixed or 
a rbitary constant. In f act t he compressor capacity vari e s not only a s the 
ambient temperature changes, but also as t he me chan i cal conditi on of the 
conpressors themselves are changed . In t he ca s e of a production limited 
plant, such as the one we a re now discussing , it can readi l y be s een that 
the maximum plant throughpu t is never f i xed , bu t vari es i n accordance with 
compression capacities. The purpose of t he compute r control system now be ­
comes apparent. Its main functi on is t o keep the pl ant r unni ng a t maximum 
capacity by determining t he maxi murn a s limited by t he capac ity in the com­
pression section. Once knowing t he max i mum a llowable f l ow of purified syn­
thesis gas, the computer can then go about its bus i ness of se tting t he many 
flow controllers in the reformi ng sec t ion . I t i s not enough thF- t t he com­
pressors be fully loaded a t all t i mes. The synt~es i s ga s m~s t al~o have the 
proper quality a s measured by t he hydrogen and ni trogen r at10 • . Since e~ch 
of the processes in the reforming area , namel y , tbe primary r efor~er, the 
seconda ry reformer, and the shi ft conver t er involve chem:cal conversions, 
complic a ted kinetic nnd thermodynami c equations mus t be s olved in arriving 
at the proper flow settings. To keep t he pl ant pr ope rly ba l anced a s we l l ~s 
keeping the compression sect i on fully l oaded ~hen become s th~ m~jor job of 
the control computer. TRble II lists t he cr~teri a fo r just1fy1ng Monsanto ' s 
computer control system. This t able wa s taken direc t ly f r om Ei senhardt t s 
and Williams' article. 

A question which i mmediP.tely come s to mind is whethe r or ~o t t he pre ­
di cted economi c gains have been fully r ea l ized . Of cours e , b~s1c econ?mic{ 
fi gure s are c ons i dered a s proprie t ary i nforma~ion. However, 1~ a qual1tat.ve 
way we can answer in t he affi r mat i ve a s Mr. Eisenhar dt and Il l iams have s aid 
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"Immediately after placing the computer on control, the gains 
in control-ability became evident. When the process is not on 
computer control, the operator makes minor changes in control­
ler setpointe trying to hold process temperatures within lim­
its and maintain gas composition as required by the synthesis 
loop. Superimposed on top,of these minor changes are larger 
step changes in throughput which are required to compensate 
for those uncontrolled variables affecting the plant -capacity. 
At best these larger changes are made only .several times a 
shift. Under computer control, however, the plant. throughput 
il!I adjusted every eight minute:s to obtain maximum possible pro­
duction ae uncontrolled variables changed. Qual1tat1Tel~, one 
can observe from the computer log sheet · the steadying of gas 
compositions and temperatures under computer control as com­
pared with the irregular control obtained by even the best op­
erator." 

5 
\ 

This now brings us to a consideration or the topic of engineering fund­
amentals as related to an understanding of computer control processes. The 
design of a computer controlled process requires the systems engineering ap­
proach. Thil!I means that the person in charge of the over-all project must 
view the project in its entirety. He should not be burdened with the many 
small details that go into the system design. .But on the other hand, he 
should be ~ully aware of the many fundamental engineering sciences which are 
involved in such a project. In this sense the system engineering approach · 
may be synonymous with the common core approach in chemical engineering ed­
ucation. In Table III are listed some or the fundamentals required of chem­
ical engineering students for understanding of digital computer control pro-
cesses. · 

Topping the list of required fundamentals 1~ an understanding of eco­
nomics. Since computer control is a tool · t ·o assist manap;ement in meeting 
the process objectives, which is normally ·the maximization Qf operating 
profit, the importance of a thorough understanding of economics can hardly 
be overemphasized. Methods for pricing i ·ntermediate products, an analysis 
of profit from incremental production, and a working knowledge of payout 
criteria for capital investment are especially important. 

The basic curricula of chemical engineering will p~rmit a reasonable 
understanding of the workings of most of chemical processes. However, in 
the computer control. design area perhaps a little more emphasis should be 
placed upon chemical thermodynamics, chemical kinetics, and stoichiometry. 
For these a.re the basic s·ciences involved in deriving the predictive mathe­
matical models used in the control computer. 

Mechanical engineering enters into the design of computer control sys­
tems firstly, in the determination of the operating characteristics of the 
mechanical equipment involved. For example, in the ammonia plant system pre­
Tiously discussed, compressor capacity calculations were made. In addition 
to these, certain mechanical equipment. limitations had to be evaluated. ThesE 
limitations, which in computer pa~lance are called constraints, oftentimes 
determine or limit the area in which the process variables may be operated. 

In the field of electrical engineering, as applied to the design of com­
puter control systems, ·a main consideration is the co1nmunication between the 
computer proper and the process· 1 tself. A working knowledge or the basic 
AC/DC theory, transmission lines, impedance matching, and the filtering of 
electrical noise will go a long way in the understanding of the electrical 
requirements of computer control systems. It is not necessary to become too 
deeply involved in the computer circuitry itself. However, to deepen the ap­
preciation for the entire control l!lystem, some instruction in this area would 
be profitable. 

The ultimate success of any computer control system depends very heav­
ily upon the ingenuity and mathematical ability of the process analysts. 
Most computer control systems op~rat~ on the basis of mathematical models 
which simulate or represent the operation of the existing plant. These 
models may be derived from fundamental theoreti.cal conside.:t'ations or po_ssi­
bly · from regression analyses or plant data. In either. ·event, considerable 
mathematical skill must be exercised in obtaining an accurate Pnd represen­
tative set of equations. Once the mathematical model has been developed, 
the job is only half done. From here various optimizing techniques must be 
e~plored in order that the model may be used most efficiently in reachi ng 
the process objective • . 

• 

• 
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Table IU 

FUNDAMENTALS REQUIRED OF CREMI CAL ElfGINEERS FOR 
UNDERSTANDING OP DIGITAL OOMPU•l'ER CONTROLLED PROCESSES 

I .• Economics 
A• Process objectives 
B. Investment and payout criteria ·. 
c. General knowlege of market prices 
D. Methods for pricing intermediate products 
E. Analysis of incremental profit 
F. General knowledge of utility costs, etc. . . 

II. Chemical Engineering 
A• Unit operations 
B. Chemical thermodynamics 
c. Chemical Kinetics 

, D. stoich1omet17 

III. Mechanical Engi~ering 
A. Operating characteristics or mechanical equipment 
B. Constraints imposed thereupon 

IV, Electrical Engineering 
A. Basic AC & DC theory 
B, Trans•ission lines 
c. Impedance matching 
·o. Filtering or noise 

v. Mathematics 
A• Methods of correiation analysis 

l. Regression techniques 
2, curve fitting 

B. Optimizing techniques 
l. Maximization by calculus 
2. Gradient methods 
3. Linear programpii~g 
4, Nonlinear programming 
;. Dynam~c programming 
6. Celculus of variations 

VI, Control System Theory 
A• Linear feedback systems 
B, Nonlinear feedback systems 
c. s~mpled Gata systems 
D. Laplace transforms 
E. z- transforms 

VII. Instrumentation . 
A• Hardware 

l. Types 
a. Pneumatic 
b. Electric 
c. Hydraulic 
d. Other 

2. Measurement equipment 
a. Temperature · 
b. pressure 
c. Flow 
d. etc. 

3, Analytical instruments 
a. Chromatographs 
b. Infrared 
c. Physical properties 
d. etc. 

4, controllers 
a. Jlroportional 
b. Derivative 
c. Integral 
d, Other 

B, Methods of interconnection 
c. Reliability and accuracy 

VIII computer Fundamentals 
A• Types and -characteristics 

l. Digital 
2. Analog 
3. DDA 

• 

B. Applicability of computers 
C. · Ba1t1·~ understanding theo17 of operation 
D. Programming 

a. Flow charting 
b. Coding 
c. -Machine language 
d. Instructions 
e. Routines and sub-routines 
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7 
As a part ·or the applied mathematics curricula, considerable attention 

should be paid to control system theory. Here such subjects as linear feed­
back systems, nonlinear feedback systems, sampled .data systems, Laplace · 
transforms, and Z transforms should be studied. Since the on-stream compu­
ter is connected, as it were, to a live process, attention must be paid to 
the process dynamics. All computer systems must recognize these dynamics. 
Obviously, control actions must not be taken too frequently that the plant 
is always in a state of jitters, nor must ~hey be taken too inrrequently or 
else the full benefit of computer control will not be realized. 

The study of instrumentation is essential for a complete understand­
ing of the computer control process. By instrumentation we think of the 
hardware involved - the sensing elements, t~e transducers, and the control 
equipment. It is these items that allows the computer to recognize or 
sense the state of the process. It is also these items that allows the com­
_puter to take corrective action upon the process. In a sense the primary 
measuring elements represent the sensors of a living organism. The trans­
mission lines are the nerves. The control valves and controllers are the 
muscles, while the computer controlled systems possess the same attribute 
via the local feedback control loops. 

. . 
Finally, some instruction should be given in computer fundamentals. 

The differences between the characteristics of digital, analog and the DDA 
computers should be carefully noted. A basic understanding of the theory 
of operation of these computers is profitable, though not essential. Some 
programming instruction should al.~o be given with exercises in flow charting, · 
codin&, and in the u~e of routines and sub-routines. 

In closing I might say that it is impossible for any single man to · 
understand completely all the workings of a digital computer control -system. 
The design of such a system is the work of a team of experts. And yet, this 
complexity does not preclude its use ·as an effective and eff 1c·1ent produc­
tion tool. Let me give you an example. There are not many people that com­
ple~ely understand the entire working of a television set or even, for that 
matter, of the automobile in which we drive to and from work. And yet, 
there are millions ~f these machines in everyday use. By the same token the 
digital computer controlled process, though its design is complex, its oper­
ation can be made simple enough for a single operator to comprehend. The 
efficiency of this production tool, this man-machine~process combination 
will be increased ·1n the _. t'uture through continued research efforts in all the 
areas that have gone into its design. 

• 

... 
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