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more meaningful .and effective in engineering education 
and in the inclusion of laboratory studies within lecture 
courses. His research interests center on the dynamics, 
control and optimization of process systems. 

Process dynamics and automatic control 
theory uses truly wonderful but abstract mathe­
matical relationships. It is important therefore 
that the students get the opportunity to apply this 
theory for reinforcement, appreciation, and mo­
tivation as well as to develop some intuitive feel 
for system dynamics and control. To this end 
a number of "case" and laboratory studies have 
been developed and used to aid in the teaching of 
process dynamics and automatic control. 

The reader will note that the "case" studies 
described here are not taken from engineering 
practice but have been fabricated to strike a hap­
py compromise between realism and complexity. 
In some ways they are like a long homework prob­
lem but to the extent that they involve laboratory 
or computer experimentation as well as latitude in 
how the student may approach them, they differ 
significantly in their effectiveness. 

Study 665-11, Control of a Shell and Tube 
Heat Exchanger is used in conjunction with ana­
log computer equipment. It is used as a culminat­
ing study of a one term undergraduate engi­
neering science course or as an initial study in 
a graduate level chemical engineering course 
whose prerequisite is an introductory feedback 
control course. 

-The first part of this study involves process 
identification from experimental test data. The 
process is simulated on part of an analog com­
puter connected to a graphical panel which de-
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picts the process and to which the students may 
direct their attention with minimal knowledge of 
analog computation. Through the use of the re­
mainder of the analog equipment or other test 
equipment as desired, the students may probe the 
simulated process. Their goal is to determine the 
governing differential equations or transfer func­
tion of the process. 

There are two variations to this procedure 
worth mentioning and which may better fit the 
purposes and facilities of others. The first is to 
present the student with the results of a dynamic 
test. The second variation is not to use a simu­
lated process at all but to use a real piece of 
process equipment such as the double pipe heat 
exchanger found in most unit operations labora­
tories. 

The next part of the studies present the need 
to develop a theoretical dynamic model for a 
thermocouple in a protective sheath which is a 
part of the process system not included in the 
experimental testing done previously. 

Now with the differential equations or trans­
fer function of the complete process system de­
termined, the next part of these studies involves 
the design of a proportional-integral controller 
for it. On a plot that uses the loop gain as ab­
scissa and reset rate as ordinate they locate the 
stability locus, their control system designs, and 
the controller settings estimated by the Zeigler­
Nichols and Cohen and Coon correlations. 

In the next part of the studies the students 
observe the operation of the complete controlled 
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system on an analog computer simulation. They 
can check out the stability locus and then observe 
the performance of their control system designs. 
They then search for optimum controller settings 
which minimize the integral of absolute error. 
They will notice different performance in re­
sponse to set point changes or process disturb­
ances. And they will have to evaluate the stated 
specifications on system performance. 

Again depending on purposes and facilities, 
variations are possible such as digital computer 
simulation of the system or observation and op­
timum search on a laboratory process unit di­
rectly. 

The final aspect of these studies is to report 
these results. I have found it most effective to 
use student groups of two with different groups 
doing different studies. Each student will spend 
12-15 hours on the study which can be compen­
sated for by weighting the studies as a two hour 
examination and/ or waiving some lecture time. 

Study 665-15, Control of a Liquid Level Sys­
tem is a laboratory study whose purpose is to 
acquaint the students with transducers, pneu­
matic diaphragm valves, industrial recorders, etc. 
They nicely show how the initial steady state 
conditions, which are submerged in the theory, 
rise to the surface. In this study we again use 
our analog computer but this time as the real 
time controller in the system. The use of the com­
puter has the advantage that the student has 
great flexibility in choosing control modes. Other 
advantages are that we do not have to buy ad­
ditional controller equipment and the student is 
introduced to a true computer control system. 

By confining the study to empirically obtain­
ing the best control of the liquid level in the tank, 
we find that the students can complete the study 
in a four hour period exclusive of the report. In 
this system the dynamics are very nearly first 
order due to the slow first order response of the 
level in the tank to inlet flow and excellent results 
are obtained with an on-off control mode. The 
students do not generally recognize this in ad­
vance and usually first try a proportional-integral 
controller with low gain. They are surprised at 
the poor performance and finally arrive at a high 
gain proportional or an on-off control mode. 

Either because of the fun of being challenged 
by a real (or simulated) process or because of the 
generous weighting given to the studies, they 
have been received with enthusiasm by students 
at both the undergraduate and graduate level. I 
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have also used these studies successfully with 
graduate engineers and scientists in a continu­
ing education course. One of these students once 
remarked that for him, "doing the study was 
worth the price of admission." 

Case Study 665-11. Shell and Tube Heat Exchanger 

The P . Tomaine Soup and Food Company has de­
cided to increase production rate for their Backwoods 
Bean Soup by preheating the stock before it is placed in 
the cooking vessel. They own one of the few continuous 
soup cookers in existence. A preheat temperature of 
140°F is desired. Too high a temperature results in an 
off-flavor while too low a temperature lowers the pro­
duction rate and upsets the cooking process. Quality 
control decides that ±3°F is permissible. 

P . Tomaine is active in the business and indeed was 
responsible for the process development work on Back­
woods Bean Soup. He recalls the heat exchanger shown 
in the accompanying figure and reasons manual control 
would be ineffective because of the varying stock inlet 
temperatur e, and the varying stock consistency which 
alters the heat transfer characteristics. He decides to con­
sider automatic control of stock temperature by manipu­
lation of stock flow rate through the exchanger, and sets 
about to assess the dynamic characteristics by a step 
response test. The stock inlet valve is of the pneumatic 
diaphragm type with a 3-15 psi range, air pressure to 
open. Tomaine installs a bare 30 gage copper-constantan 
thermocouple to measure the pre-heat temperature be­
cause of its almost instantaneous response although he 
knows Backwood Bean Stock will dissolve it in about 14 
hours. At a time when the plant disturbance appears 
minimal he records the data in Table 1. 

a . What transfer function would Tomaine obtain upon 
analysis of his data? 

b. If instead of performing a transient response test he 
had taken frequency response data, what would the 
magnitude ratio and phase angle plots be? 

A simulation of the heat exchanger in terms of per­
turbations about an initial steady state has been set up for 
you on the analog computer. The steady state corresponds 
to 10 psi on the diaphragm valve giving a soup stock 
temperature of 140° F at a stock flow rate of 980 gallons 
per day. One computer second equals 1 problem minute 
and 1 computer volt is equivalent to a change of 1 psi air 
pressure on the diaphragm valve in the cold water line. 
Although you can obtain the dynamic characteristics of the 
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Table 1.-Response Data for Heat Exchanger. 

Temperature 
OF 

140 
140 

140.07 
140.27 

142.0 
143.25 
144.64 
146.11 

149.1 
151.99 
162.43 
167.09 
168.91 
169.60 
170.00 

Time, sec. 
(Stopwatch) 

4:40 P.M. 
0 

3 
6 

Notes 

Valve at 10 psi 
Valve suddenly changed to 
8 psi. Stopwatch started 

12 Dropped notebook. 
18 
24 
30 
36 
42 Telephone 
48 
60 

120 
180 
240 
300 

4:50 P.M. Returned process to 10 psi. 

process by interpretation of the computer wiring, the 
object of this study is to treat the simulation as the real 
world and you will obtain greater benefit by not analyz­
ing the computer wiring for the process. 

a, b. Now, make any experimental tests you want and 
determine the transfer function of the process. 
Report this result before proceeding further. 

Tomaine now decides to assess the transfer function 
for a rugged thermocouple imbedded in a sheath (well) 
which will not dissolve in the soup. They have success­
fully used a 1 inch O.D. capped steel cylinder .about 6 
inches long and 1/ 16 inch thick. Tomaine estimates the 
overall heat transfer coefficient from stock to thermo­
couple location in the well to be U = 183.4 Btu/ hr-ft2 -

OF. 
c. If he considers the well to be at a uniform tempera­

ture, what transfer function does he derive for the 
thermocouple assembly? 

Tomain now feels he is in position to consider applying 
a proportional plus integral controller to the process, i.e. 

m(t) = Kc [e(t) +R f e(t)dt] 

where 
Kc = 100/ (Prop. Band) 
R = Reset rate, repeats/ min 

and 

M 
E (s) = Kc (1 + 

R 

s 

d. With total loop gain (K = KcKPKn) as abscissa and 
reset rate as ordinate plot the locus dividing regions 
of closed loop stability and instability. 

e. On this same plot locate the control systems de­
signed by gain and phase margin considerations and 
also by root locus techniques. Also locate Zeigler­
Nichols and Cohen-Coon predictions. 

f. Does Tomaine need the integral mode? Is deriva­
tive action needed? Reassess the problem definition. 
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g. You are invited to test your calculations by working 
with an analog simulation of the Backwood Bean 
Soup heat exchanger. First check a few controller 
settings on the locus separating stable and unstable 
regions. Notice that the simulation has provision 
for calculating the integral of absolute error, JAE, 
where 

IAE = f O le(t)! dt 

Apply step changes to the set point of the process 
and obtain a gain, reset rate pair which minimizes 
IAE/ S where S is the size of the step applied. As 
you do this determine the values of IAE/ S for the 
control systems designed in part e. Add all this 
information to your K,R plot. 

h. It turns out Mrs. Tomaine controls the company's 
funds and because of their fight last night he 1·e­
quests you to present the recommendations to the 
plant improvement committee of which she is chair­
man. Take no more than 20 minutes and use visual 
aids to help you present your conclusions. 

Case Study 665-15. Liquid Level Control System 

The objective of this experiment is to control, through 
appropriate transduction, liquid level in a continuous flow 
tank, using analog computer elements to simulate an auto­
matic feedback controller. Specifically, this control will be 
achieved by manipulation of the flow rate of incoming 
liquid. A second objective is to introduce the student to 
some of the hardware used in real control systems. 

The process system is located in the Chemical Engi­
neering laboratory, and the essential parts are shown in 
Fig. 1 and described as follows. 

TAYLOR 
E/ P 

TRANS DUCER 

PSI HONEYWELL rt'IMIN CONTI NUOUS 

DIAPHRA GM FLOW 
VALV E TANK 

PACE 
PIE 

TRANSDU CER 

c~:~~:A '-----'"'~~c ,~~1~o:i'R!~R£ ,:2
0'!,, ,._ __ _, :l~o .__ __ _, :;;L~ic~~~~m~ 

Fig. 1-Liquid Level Control System. 

1. TAYLOR Electropneumatic Transducer, Model 701T, 
converts emf to .air pressure. See company literature 
for specifications (voltage range, calibration, etc.). 

2. HONEYWELL, ¾ in. diaphragm valve, 3-15 psi, air 
to open. Note that upstream water pressure should 
be maintained time invariant during the experiment. 

3. The tank used is a cylinder, 6 in. in diameter, and 
approximately 24 in. high. The tank outlet to be used 
is a ½ in. diameter, 24 in. long pipe. 

4. PACE pressure to voltage transducer and readout, 
model K, provides a voltage signal proportional to 
differential pressure on its diaphragm. See comp.any 
literature for specifications (voltages produced, etc.). 
The control system and peripheral equipment to be 

utilized are as follows: 
1. PHILBRICK, Model 6009, operational amplifier bank 

(10 amplifiers), with power supply, black box feed­
back networks, etc. This can not be used to drive 
TAYLOR E / P transducer. 

2. PHILBRICK, Model UP A-2, single operational ampli­
fier must be used as the final amplifier in the con-
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troller scheme, in order that it may drive the TAYLOR 
E/ P transducer with up to 5 ma current. To protect 
transducer use a voltage limiter network, 0 to 12 volts. 

3. Voltmeter for pot settings, amplifier balancing, etc. 
4. One bank of 5 potentiometers. 
5. For recording the output of the PACE transducer and 

the output of the controller a LEEDS & NORTHRUP 
Speedomax H will be used. Liter.ature on this recorder 
will be found in "Readout" volume. To protect this 
recorder use 0.01 input attenuation external to re­
corder. 
At this point you should compare the actual equipment 

with the information supplied. 
The study involves your operation of the equipment to 

obtain the following information. 
1. Obtain the dynamic characteristics of the process sys­

tem on-line by any technique you wish to use. Do you 
feel that it is necess.ary to study the static charac­
teristics of each individual component of the process 
system? How about the dynamic characteristics ? 

2. Compare the results above with a theoretical analysis 
of the liquid level dynamics of the tank together with 
any data or estimates of the dynamic characteristics 
of the other apparatus. Discuss. 

3. From the dynamic characteristics, estimate the control 
needs and controller settings for liquid level control. 
Consider also the rapid estimations in the following 
references: 
a. "Zeigler - Nichols Method" in Eckman, Automatic 

Process Control, Wiley, 1958, p. 114-121. 
b. Van der Grinten, "Determining Plant Controll­

ability" Control Engineering, Oct. 1963, p. 87; and 
"Finding Optimum Controller Settings," Dec. 1963, 
p. 51. 

4. Now place the tank under liquid level control and 
compare control performance for a step change ·of 3.5 
inches in liquid level. 

LETTERS continued from page 149. 

Editor: 
I was very interested in the article by Sliepcevich and 

Hashemi (Irreversible Thermodynamics, CEE 2, 109-112, 
1968) because it resembles a similar derivation which I 
evolved while teaching our undergraduate Linear Systems 
course here at Dartmouth. Although the methodology of 
this course is derived mostly from the fields of Electrical 
and Mechanical Engineering, I believe that the funda­
mental concepts are most happily and rigorously de­
veloped from thermodynamics. 

My derivation differs from that by Sliepcevich and 
Hashemi in several aspects and I suggest that mine is 
both more correct conceptually and more useful in practice. 

Rather than using the idea of "lost work," I started 
from the "rate of entropy generation per unit volume," 

s, which was then related to the mass and energy fluxes, . . 
M and E, and to the gradients of Planck potential a and 
inverse temperature {3 (Tribus, "Thermostatics and 
Thermodynamics," D. Van Nostrand). In a one-dimension­
al system we have 

· · da · d/3 
s=Max+E dx (1) 
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Assuming that s is a fundamental thermodynamic prop-
. . 

erty which is a function of M and E we have 

s = s (M, E) (2) 

. . 
whence s is an exact differential in M and E. 

Following methods akin to those of Sliepcevich and 
Hashemi we have 

and _j/i_ = _l_( 0; ) 
dx 2 aE M 

and hence 

od/3 

= ( d: ) . = L 12 = L 21 

oM E 

where L12 and L21 are the transport coefficients in the 
equations 

d/3 - . . 
dx - L11E + L12 M 

da · · dx = L21E + L 22M 

The reciprocal relationships .are obtained in a similar 
way by starting from the assumption 

· · ( da d/3 ) 
s=s dx' dx 

The results are easily extended to three-dimensions. 

The rate of entropy generation per unit volume seems 
to me to be a very basic conceptual quantity. If ds is the 
entropy generated in a volume (dx dy dz) in time dt, we 
have 

ds 
s = -=---=--=-~'7 dx dy dz dt 

Therefore s represents the entropy density in a four­
dimensional sp.ace-time continuum. From the information 

theory viewpoint s is a measure of our knowledge (or 
uncertainty) about an element of a space-time universe. 
There are few more fundamental concepts than that! 

I also prefer the simplicity and symmetry of my for­
mulation which can be extended to any number of exten­
sive (conserved) properties .and their conjugate intensive 
(potential) variables. 

There remains the question of just why s should be 
a homogeneous function of the second degree in the fluxes 
or potentials. Is there any primitive reason for this ? 

GRAHAM B. WALLIS 
Dartmouth College 
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