magnitude of the coefficients. However, when the average mass
transfer coefficient was matched to the total drop formation time,
a linear correlation was again obtained on semilogarithmic coor-
dinates. Figure 2 shows this result for the present study of dispersed
phase resistance.

DISCUSSION

Mathematical models for mass transfer during drop formation,
summarized by Popovich et al. (1964) and more recently by Walia
and Vir (1976), are generally based on a solution to the diffusion
equation in the continuous phase and do not account for circulation
within the forming drop. Zimmermann et al. (1980) report short
formation time mass transfer results strongly influenced by internal
convection. A study of water extraction by isobutanol drops
(Heertjes et al., 1954) showed marked circulation for rapid for-
mations, typical drops having a Reynolds number on the order of
0.008. Drop Reynolds numbers in the present project were in the
range from 0.05 to 0.5; it therefore seems reasonable to expect rapid
circulation in all these drops and a strong dependence on formation
time.

The most interesting observation of this study would appear to
be the correlation obtainable between average mass transfer
coefficient and total drop formation time. This is evident for sys-
tems controlled both by the continucus phase resistance (Figure
1) and by the dispersed phase resistance (Figure 2). The lower slope

of the line in Figure 1 is consistent with the expectation that internal
movement of the drop should not be as significant in determining
mass transfer rates at the interface when the resistance lies in the
continuous phase. Nevertheless, shear transfers across the interface
and generates convection in the continuous phase as well. Thus it
appears that total formation time may be the most important pa-
rameter in setting the mass transfer coefficient during generation
of a dispersed phase.
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Controller Tuning Using Optimization to Meet Multiple Closed-Loop

Criteria

INTRODUCTION

The PID controller family and its variations continue to be
widely used in the process industries, both in analog and digital
applications. Tuning or controller design techniques include the
methods of Ziegler and Nichols (1942), Cohen and Coon (1953},
Harriott (1964), Chidambara (1970), Lopez et al. (1969), and Yu-
wana and Seborg (1982).

Although the available controller design relations are convenient
and easy to use once a simple model is known, they do not really
yield standard system performance results from case to case. In
particular, the resonant peaks and gain margins vary widely, and
in some cases the controllers may be quite unsatisfactory—the
response to a disturbance would be much too oscillatory. With some
techniques, e.g., Ziegler-Nichols, an unstable system occasionally
is obtained. Graphical methods, such as the one recently presented
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by Edgar et al. (1981) based on the interactive use of a graphics
terminal, yield much superior results in terms of system perfor-
mance, but can be quite time consuming to use.

In general, tuning methods that are based on just one particular
input signal or on one particular closed-loop characteristic, such
as the decay ratio, have been criticized. This paper suggests a new
technique for controller tuning based on several characteristics of
the closed-loop process and not on any particular type of input
signal. Bollinger et al. (1979) have taken a related approach in the
control of a synchronous generator using a lag-lead element. They
use the method of inequalities (with moving boundaries) presented
by Zakian and Al-Naib (1973). Several functionals describing the
desired system behavior in terms of inequalities are defined.
Controller settings are then found that meet the inequalities. Zakian
and Al-Naib (1973) perform a similar design for a PI controller.
The results are superior to standard design methods; howeyer, they
may not be consistent from case to case since inequalities are used.

AIChE Journal (Vol. 31, No. 3)



Substantial user interaction is required in resetting the inequalities
(moving boundaries) to improve performance, and they suggest
that the use of a graphics terminal would be advantageous.

The technique presented here is based on the use of a single
comprehensive index of performance rather than on a set of ine-
qualities. One goal is to obtain consistent closed-loop performance
with minimal user expertise (and thus interaction) required. The
class of systems examined is that of linearizable single-input, sin-
gle-output systems.

ALGORITHM DEVELOPMENT

The basis of this tuning method is rooted in the definition of an
appropriate index of performance (IP). The approach taken is to
characterize the controlled process in terms of its closed-loop fre-
quency domain representation. Then any combination of fre-
quency domain criteria can be chosen as characteristics of the
desired controlled process. In this work selection of the resonant
peak ratio (M,), phase margin (PM), and a maximum resonant
frequency (w,), subject to the former requirements, was found to
give the best results. A moderate M, tends to yield a system that
is not too oscillatory, a properly selected PM ensures stability, and
a maximum.w, gives a fast response. (Special desired features, such
as a certain decay ratio, also can be accommodated within this [P,
as is explained below.) An IP that embodies these characteristics
can be defined as

IP = w |M, — Mg|/Mg + wg/@, + |PM—PMy|/PMg (1)

where subscripts 7 and d denote “at w,” and “desired value at w,”
and wy and w,, are constant relative weighting factors associated
with the resonant frequency and the normalized peak ratio at the
resonant frequency. Values for these weighting factors were se-
lected so that the three terms in the IP were of the same order.
Reasonable values (used in all cases) for wy and w,,, were found to
be 0.5 and 10.0, respectively. There is no reason to suspect that these
values would need to be changed for any other case. By minimizing
this form of IP, the computed values of M, and PM will be forced
close to the desired values, while w, will be made as large as pos-
sible. These are traditional control system design objectives.

For an assumed form of controller, the minimization is carried
out with respect to the settings of the controller parameters. In this
work, the form of the controller was taken as PI or PID; if PID, a
ratio of 4 between the integral and derivative time constants was
taken. This ratio was selected because it is fairly common; for ex-
ample, it was used by Ziegler and Nichols. Any other ratio could
be used. (Allowing 7p to be independent of 7; gave no better re-
sults.) Thus, in either case, two parameters, K, and 77, had to be
found that minimized the IP. To accomplish this minimization,
a model of the process is needed so that each possible set of con-
troller settings can be evaluated with respect to the IP by the op-
timization scheme. Any linear process model can be used, for ex-
ample, a high-order model, if available. If not, an approximate
model can be used, such as second-order with dead time. The
model can be obtained in any convenient manner.

Since only numerical values of the IP are available, a direct
optimization scheme must be employed. The complex method
presented by Box (1965) (a version of the simplex method) was
used, but any similar method would suffice. As part of the IP cal-
culation, w,, M,, and PM must be determined for each possible pair
of controller settings. This was accomplished using a quadratic fit
technique described by Luenberger (1973). Again, other techniques
could be used. Hence, for each evaluation of the IP two searches
must be made: for the resonant frequency of the closed-loop
transfer function and for the frequency that yields unity magnitude
for the open-loop transfer function (the defining relationship for
the PM). Appropriate formulations for these “inner loop” searches
are

IP, = min [—|CLTF(w)|] (2a)

IP, = min [|1 — |OLTF(w)||] (2b)
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TABLE 1. PROCESSES STUDIED

Process )

(Order) K, Td T1 Te T3 T T5 T

2DT-1 1 0.5 2 1 — — _ _

2DT-2 1 1 10 5 — — _ -
3 1 0 1 1 1 — — _
4 1 0 2 1 0.2 0.1 — —
6 1 0 2 1 1 0.2 01 01

Then w, is the frequency minimizing Eq. 2a, M, is the normalized
magnitude of the closed-loop transfer function evaluated at that
frequency, and the PM is the phase angle of the open-loop transfer
function evaluated at the frequency minimizing Eq. 2b plus 180°.
The gain margin (GM) can be found similarly by determining the
frequency yielding an open-loop phase angle of —180°.

Finally, values for the desired M, and PM must be selected. An
M, between 1.1 and 1.4 is a standard criterion, so a value of 1.3 was
selected. Standard choices for the PM are 30° and 45°, A conser-
vative value of 45° was chosen. In addition, the IP was severely
penalized if the PM fell below 30° or was over 55° and if the GM
fell below 1.8.

EXAMPLES AND DISCUSSION

Controllers were found for the processes listed in Table 1 using
the IP defined by Eq. 1. Other formulations of the IP gave no better
results. The actual process model was used in formulating the al-
gorithm, and, in the cases involving higher-order processes, ap-
proximate second-order with dead-time models were also tested.

The controllers obtained and the characteristics of the resulting
systems are given in Tables 2, 3, 4, and 5. In all cases the M,, w,,
PM, and GM shown in the tables were found using the controller
with the actual process model, since the controller would be used
with the actual process. The resulting controllers and system
characteristics can be compared to corresponding values for the
Ziegler-Nichols (ZN) controllers shown in the same tables.

Table 2 shows the results for the two second-order with dead-
time processes. The ZN technique gave satisfactory controllers for
these processes. However, the systems designed using the new
method are much more consistent with respect to M, and PM. The
PM is within 10% of 45°, and M, is 1.30 in all cases. The second
example presented in Table 2 is a process for which Edgar et al.
(1981) also designed controllers. Both methods gave comparable -
results in terms of closed-loop system performance. Figure 1 shows
the response to a unit step change in set point for the resulting
closed-loop systems obtained using these two PID controllers as well
as the ZN PID controller. The responses of the two systems obtained
by computer are quite similar, whereas the ZN response is much
more oscillatory.

Table 3 shows the results for the third-order process. The con-
trollers tuned using the actual model give the desired closed-loop
results and are superior to the ZN results, particularly for the PI

RESPONSE

- Settings:
| ZIEGLER - NICHOLS
2 HARRIS - MELLICHAMP
3 EDGAR-HEEB - HOUGEN

(o] 1 L 1 1
o 10 20
TIME

d-loop resp of pr 26T-2 to a unit stepchange in set
point using PID conirol.

Figure 1. Cl
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TABLE 2. RESULTS FOR SECOND-ORDER WITH DEAD-TIME PROCESSES

Tuning

Process Mode Method* K. T D M, W, PM GM
2DT-1 PI HM 2.00 3.80 — 1.30 0.889 49.2 2.77
IN 3.04 3.14 — 2.68 1.14 24.9 1.73

PID HM 4.30 2.52 0.629 1.14 1.74 46.7 2.28

IN 4.05 1.89 0.472 1.78 1.50 27.4 2.11

2DT-2 PI HM 3.32 25.73 — 1.30 0.236 46.5 4,12
EHH 2.92 20.0 -— 1.25 0.21 479 4.48

IN 7.08 9.72 — 6.69 0.361 9.13 1.43

PID HM 10.70 13.56 3.39 1.30 1.00 49.0 2.17

EHH 9.44 9.0 4.0 1.28 1.07 51.6 2.14

IN 9.44 5.83 1.46 2.24 0.385 22.6 3.58

® Tuning method: HM = Harris and Mellichamp; EHH = Edgar, Heeb, and Hougen; ZN = Ziegler and Nichols.

TABLE 8. RESULTS FOR THIRD-ORDER PROCESS

Tuning Process
Mode Method Model K. T D M, w, PM GM
PI HM 3 2.31 10.66 — 1.30 1.06 50.8 3.14
3/2DT* 2.75 12.04 — 1.58 1.15 41.6 2.67
IN 3 3.60 3.02 — 4.39 1.25 14.8 1.52
PID HM 3 5.38 7.94 1.98 1.30 3.04 45.2 —
3/2DT* 5.80 2.90 0.725 1.30 1.77 45.4 —
IN 3 4.80 1.81 0.454 1.89 1.37 24.) _
® Second-order with dead-time approximation of third-order process: Kp = 1, 74 = 0.876, 73 = 1.504, 73 = 1.494.
TABLE 4. RESULTS FOR FOURTH-ORDER PROCESS
Tuning Process
Mode Method Model K. TI ™ M, W, M GM
PI HM 4 2.76 4.32 — 1.30 1.04 47.0 3.75
4-pert. 2.73 3.90 — 1.33 1.03 45.6 3.70
4/2DT* 2.77 4.60 — 1.28 1.04 47.8 3.78
IN 4 5.67 2.34 — 5.36 1.54 11.6 1.49
PID HM 4 9.46 2.32 0.580 1.30 2.46 45.2 5.1
4-pert. 9.52 2.59 0.647 1.27 2.76 46.3 481
4/2DT* 9.20 2.32 0.581 1.28 2.38 45.9 5.23
IN 4 7.56 1.40 0.351 2.03 1.93 23.4 4.63
* Second-order with dead-time approximation of fourth-order process: Ky = 1, 74 = 0.258, 1 = 1.823, 72 = 1.212.
TABLE 5. RESULTS FOR SIXTH-ORDER PROCESS
Tuning Process
Mode Method Model K. Tr ™ M, @, PM GM
PI HM 6 1.64 6.06 — 1.30 0.657 54.2 2.48
6/2DT* 1.635 5.52 — 1.34 0.653 52.1 2.44
IN 6 2.22 5.04 — 2.34 0.751 30.7 1.75
PID HM 6 3.17 4.18 1.05 1.30 1110 48.5 2.97
6/2DT* 2.96 3.71 0.928 1.28 0.962 48.0 3.23
IN 6 2.96 3.03 0.757 1.54 0.858 38.7 3.11

® Second order with dead-time approximation of sixth-order process: Kp = 1, 74 = 0.894, 71 = 1.83], 79 = 1.845.

case where the PM and GM of the ZN system are very low. The
controllers tuned using the approximate model are satisfactory,
although somewhat different from those tuned using the actual
model. It should be noted that this process is the least like the second-
order with dead-time approximation used t6 represent the process.
Table 4 shows the results for the fourth-order system. Three models
were used for comparison in design of the controllers: the actual
model, a fourth-order model with perturbed parameters (in error
by £10%), and a second-order with dead-time model. All three
models gave similar controllers, and all are superior to the ZN
controllers in terms of speed of response and/or the oscillatory
nature of the resulting closed-loop systems. Table 5 shows the results
for the sixth-order process. Both the actual and approximate models
yield the desired results. Parameters differ by only about 10%.
Note that the IP used to obtain these results could also be used
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to meet other criteria. For example, it is sometimes desired to
specify a certain overshoot or a certain decay ratio in the transient
response. By approximating the closed-loop system as an un-
derdamped second-order system, the damping coefficient neces-
sary to obtain the desired overshoot or decay ratio can be deter-
mined and this in turn used to specify the desired resonant peak.
This technique can be used fairly successfully. In the examples
given, an M, of 1.8 was chosen. This corresponds to a damping
coefficient of 0.425, which corresponds to an overshoot of 22.9%.
In the example shown in Figure 1 the overshoot is 22.5%.

In most of the examples, the results were not sensitive to the
starting values chosen for the optimization program, the exception
being starting values which themselves give an unstable (or nearly
unstable) system. In that case, different starting values are chosen.
Tuning of the PI controllers was found to be slightly more sensitive

AIChE Journal (Vol. 31, No. 3)



to the choice of starting values. The best approach seems to be to
run the program a few times using different starting values and
to select the most favorable final values.
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Studies in Chemical Process Design and Synthesis
Part VIl: Systematic Synthesis of Multipass Heat Exchanger Networks

An important process design problem is the systematic synthesis
of energy-optimum and minimum-cost networks of exchangers,
heaters and/or coolers to transfer the excess energy from a set of
hot streams to streams that require heating (cold streams). The
specific problem statements, common simplifying assumptions,
and systematic synthesis techniques along with a list of stream
specifications and design data for example problems reported in
the literature can be found in Part III (Nishida et al., 1977). Es-
sentially all of the work reported thus far has been limited to the
use of single-pass countercurrent shell-and-tube exchangers, heaters
and coolers. In this paper, a simple approach to the systematic
synthesis of energy-optimum and minimum-cost networks, which
may utilize multipass exchangers, heaters and coolers, is proposed
and demonstrated.

THERMAL DESIGN OF MINIMUM-COST MULTIPASS
EXCHANGERS, HEATERS AND COOLERS

Multipass exchangers, heaters and coolers are often used in the

process industries. Such equipment allows for a great deal of flex-
ibility to a given heat-exchange process design. For example,
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multiple-shell passes may be used: (i) to improve the temperature
difference between hot and cold streams for a given exchanger,
in which the stream flows are not parallel or countercurrent; and
(ii) to decrease the amount of floor space required for a given ex-
changer. Multiple-tube passes may be used: (i) to increase the fluid
velocity in the tubes, thereby increasing the overall heat transfer
coefficient; and (ii) to increase or decrease the available heat
transfer area without increasing or decreasing the shell length. The
numbers of shell and tube passes are limited by the maximum al-
lowable pressure drop and by space considerations. Further, the
number of tube passes is also limited by the amounit of fluid passing
through the tubes and by the maximum permissible shell diam-
eter.

The basic equation for the thermal design (i.e., finding the heat
transfer area) of multipass exchangers, heaters and coolers is (Bell,
1984):
a=—92 -__ @ (1)

UMTD) UFx(LMTD)

Here, Fy is a correction factor that is so determined that when it
is multiplied by the logarithmic mean temperature difference
(LMTD) for a single-pass counter-current exchanger, the product
Fn(LMTD) represents the true mean temperature difference
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