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PLant EXperimentation (PLEX)

- WILLIAM J. HILL AND ROBERT A. WILES

Allied Chemical Corparation, Buffalo, New York 14210

Unexplained process variability is likened to o ghost wandering freely through the plant spooking
the process. Plant experimentation is discussed as a tool for investigating this behavior, dlleviating i,
and providing information for process improvement, Two differenf plant experimentation approaches
are discussed and compared: PLEX (PLant EXperimentation) and EVOP (EVolutionary OPeration). The
PLEX opprooch is illustrated using a recent cose study of o plant process, The results aided in reducing

Introduction

RACEING down the causes of extreme plant
process variability (as in Figure 1) can some-
times be comparable to stalking a ghost. This appears
50, when by passive observatlion, none of the meas-
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FIGURE 1. Yields in 1** Reactor of Intermedicte Step

Before Plant Experimentation Studies.
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ured variables correlates with the elusive and ca-
pricious vanability in yields or quality. For example,
8 great deal of time and effort can go into the record-
ing of data on variables (e.g., temperature, pressure,
feed rates, catalyst concentration, ete.) to determine
if they correlate with the responses of interest {e.g.,
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voriobility, increasing capacity, and improving overall profitability in the plant.

reaction rates, product purity, yield, etc.). When
this effort does not show any fruitful results, it may
be jokingly said that a ghost is walking through the
plant and it is he who is upsetting the process. This
is the same as conceding process behavior 1o the
whims and ways of one or more unidentified critical
variables.

An approach for combating the above behavior is
to go on the offensive with a program of controlled
tampering to find out what can cause things to
happen. In this way, one may be able to beat the
ghost at his own game and severely limit his activity
in the plant. It is this offensive approach or plant
experimentation that is the topic of this paper.

Approaches to Plant Experimentation

A guideline for a plant experimentation program
can be borrowed from a quote by G. E, P. Box [3],
“To find out what bhappens to a system "when you
interfere with it you have to interfere with it (not
just passively observe it).”” Plant experiinentation is
a form of controlled interference to learn more about
the process without upsetting it. This can be done
in different ways, two of which are discussed in the
following paragraphs. .

The first approach will be referred to as the PLEX
approach for PLant EXperimentiation. It involves
executing one or more sets of experiments in a limited
amount of time in order to get process improvement
information on selected sets of variables. The plant
usually refurns to its original operating conditions
afler the experiments until the results of PLEX ean

be fully digested, and incorporated into the operating
procedure, if beneficial. Xt involves “getting in” and
“getting out” of the plant as quickly as possible
when there is technical supervision available to
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closely monitor the process, take samples, and make
corrective action at the slightest warning of upset.
Bacon {1} referred to a similar approach. as “‘one-
shot @;\}:p?xr‘in,lent:;tion” when a single plan, rather
than g series of sequential experimental plans, is
execyted, An gxample of “the application of the
PLEX gpproach will be given later in_the paper.
The second and most widely publicized plant
experimantation approach is EVOP (EVolutionary
QOPeration). This approach, originally developed by
Box (2, 5, 6, 7], has the basic philosophy “that a

process sheuld be operated so as to produce not -

only a product but also information on how to im-
prove the product [6).”” It is a continuous investiga-
tive gpproach carried out mainly by the operating
staff. Jt can become the standard way of operating
the plant since it usually involves only small changes
in the process variables thus keeping risk of upset

PLEX may be one or a series of short duration
one-shot experimental designs under the watchful
eye of both technical and operating supervision

* thus providing more incentive to broaden the ranges

.

on the wvariable levels. In contrast, EVOP is an ex-
perirgental design approach with small changes in
the veriable levels and is an approach that goes on
contipyously with little or no additional technical
superyision. Both have the purpose of improving the
process but their execution differs as shown here.

found knowledge (e.g., technical and engineering
departments) and new profitability (e.g., operating
and sales departments). Also, since EVOP has been
criticized by some for being too slow in returning
information, PLEX is an attempt to speed up in-
formation-gathering by concentrating on a sequence
of short duration studies with the variable levels
changed over wider more informative ranges than
those felt safe for EVOP. This is possible in PLEX
by adding extra technical supervision for surveillance
to minimize risk of upset over the wider variable
settings. From our experience certain ingredients
are necessary for successful plant experimentation
whether it be PLEX or EVOP. These include:

(1) a willing and cooperative operating staff;

(2) good interaction between technical and op-
erating personnel;

(3) one or more crusaders who are strong be-
lievers and can keep the studies active;

(4) a definite need or reason for tampering with
process conditions,

The last point is very important and the prime
motivator for experimenting on a large scale process.
It is perhaps human nature to resist tampering with
a plant process for the sake of information, especially
if the result could be a serious upset with consider-
able downtime and lost productivity. There has to
be an emphasized NEED for information leading to
benefits that far exceed the cost of the effort.

Lomparison of PLEX and EVOP |

FACTOR

1. Purpose .

. Responsibility
) Departments
3. Pracedure
4, Size of Variable Changes
5. Risk of Upset
Surveillance
Usually urgent

6. Urgency

Some of the drawbacks to successful EVOP appli-
cation were described in a review paper on EVOP
by Hahn and Dershowitz [7). It was their finding
and qurs “that there is a strong reluctance by the
operating department to tamper with a process,
especjally if they do not know if their efforts are
going to be recognized and lauded in the case of a
success or criticized in the event of an upset.”
PLEX programs attempt to share the responsibility
among the departments who benefit from any new-

dovrnal of Quality Technology

PLEX

Process Improvement and
information gathering
Shared by Participating

Series of One-Shot Plans
Usually Wider than EVOP
Kept Manageable by Extra

Evop

Process Improvement.and
information gathering
Operating Department

Continuous Investigative Procedure
Usually Smali
Small

Not necessarily

Some examples of need include higher capacity to
meet increasing sales demand, improved quality to
remain competitive, controlling extreme or ghost-
like variability, and reductions in pollutant levels.
The emphasis or push usually must come from the
plant manager’s office or higher in order to overcome
any resistance to information gathering via plant
experimentation. In addition to the input from
management, & believer or crusader is a good cata-
lyst for selling the benefits of using plant experi-
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-mentation to meet the need and helping to set up
the program. Last but not least, cooperation and
good interaction among the personnel involved are
absolutely essential ingre'divnts.

A case history is described below where the in-
gredients discussed above were essentially present
and were the major factors for a successful outcome.
However, it should be pointed out that although
the PLEX approach was the tool applied, it was the
people who made the program go.

A Case History

The plant of interest here was a large continuous
chemical operation with three separate reaction
steps referred to here as: initial, intermediate and
final. Although the plant had recently been ex-
panded, it was not giving the additional 25% ca-
pacity that was expected. The most serious problem
was erralic yields in the first stage reactor of the

‘intermediate step (see Figure 1). This was the prin-

cipal capacity limiting component of the process
‘since the erratic or “ghost-like” behavior forced a
‘yeduction in production rates to avoid off-spec
quality. The second problem was to increase the
yield and capacity of the final reaction step assuming
that the first problem could be solved. It should be
emphasized that there was a strong and motivating
need to get valuable process improvement informa-
tion. Successful econormics were not possible without
it.
PLEX in the Intermediate Reaction Step

Tt was strongly felt by a number of technical
personnel assigned to the problem that an additional
reactor would need to be added to the intermediate
reaction step. This increase in the number of reactor
stages would provide additional residence time for
rezction completion. It was realized however, that
although this might give higher capacity at a higher
cost, it would not necessarily explain why there was
severe variability in the reactor yields.

It was decided then, prior to any further capital
expenditure, that all the variables would be listed
and reviewed. These included (1) temperature, (2)
pressure, (3) sgitation, (4) catalyst concentration,
end (5) residence {ime. The first four variables were
chosen initially to be studied in the plant using a
four variable eight run fractional factorial design
(2 1) [4]. As discussed in more detail in the next
section, factorial and fractional factorial-designs
were chosen because of their efficiency in screening
the variables end keeping the number of runs to a
minimum. The initial operating condition in this
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design corresponded to running at the low level of
each of the four variables. A downward effect on
vield was expected but not 10 the severe degree that
actually occurred (see "April 17 in Figure 1), The
remaining experimenis were shelved. It appeared
obvious that the process was too near o precipice
to risk venturing out in many directions using a de-
signed set of experiments over the ranges being con-
sidered.

There was a regrouping of thoughts in the subse-
quent week with the conclusion that the process
should be run at the high operability levels of each
of the first four variables to avoid upsets. The litera-
ture and lab data indicated that this was a desirable
direction. Also, an initia] appreciation of the reaction
mechanism suggested increased pressure and agita-
tion would improve the reaction rate. A scheme was
used to increase agitation and pressure together in
steps (see Figure 2) while maintaining temperature

KIGH : /p

-
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PRESSURE

PRESENT  MID HGH
AGITATION
FIGURE 2. Plant Experimentation Using a priori Knowl-
edge.

.

k)

. and catalyst concentration at their practical limits.

This zooming in or moving in the direction thought
a priori to be optimal gave dramatic results, This is
easily seen when control charts “before” (Figure 1)
and “after” (Figure 3) are compared. The reduced
variation as shown in Figure 3 opened the way for
increased throughput without fear of upset. Also,
the way was now clear for further experimentation.

Before leaving the study of this reaction step,
plant experimentation essentially yielded the follow-
ing:

(1) orginal objeclive of 25% increase in capstily

plus an additional 11% with a total pretax
realization of 2 million dollars;
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FIGURE 3. Yields in 1% Reactor of Intermediate Step
After Plant Experimentation Studies.

(2) .data for mathematical modéling which later
explained the underlying mechanism;
(3) aharness on the variability or ghost in this
% important intermediate step.

PLEX Approach in the Final Reaction Step

Although it was felt that the ghost had been
limited in his freedom to wander through the inter-
mediate reaction step, he was still having his own
way in the third and final step. '

The dominant symptom in the final reaction step

- =~xas inconsistent reaction yields. Unlike the previous

step, it was felt that the reaction was not prone to
serious upset and therefore a more systematic plan
of experimentation could be used. Therefore, a
designed program of experiments seemed ideal for
investigation of this reaction step. However, it was
preferred that this be done in a series of one-shot
experimental designs (PLEX) rather than in a con-
tinuous EVOP, The reasons were: (a) analytical
analyses on process samples were laborious and
generally took more than a week for processing,
{(b) wurgency, and (c¢) round-the-clock technical
supervision was felt to be necessary 1o aid in rigorous
data recording and sampling. Hence, it was felt
that *“getting in’” and “getting out” over a period
of several days would not strain the manpower re-
quirements and production scheduling and also give
the analytical 1ab enough time to digest the samples.
Also, it was felt that a short duration technically
supervised program of experiments would initially
yield the best possible data. EVOP could follow
later once the routine of monitoring the variables,
changing their levels, and taking samples was es-
tablished.

Discussions revealed there were at least eight
variables that required investigation. Research re-
ports and plant operating records provided informa-
tion on possible ranges over which these variables
could be changed without serious risk of upset.

Journal of Quality Technology

Manageability and caution in studying these vari-
ables were also exercised by breaking the variables

= soeer oemm ~YP- into groups of three or four. The groups were

selectéd on the basis of: (1) estimated importance

-——————or priotity, and (2) likelihood of detecting interac-

tions between certain pairs of variables. Group sizes
of three or four variables kept the number of runs
small while still providing an opportunity to measure
the effects and interactions of variables. Also, with
caution in mind, a study involving too many vari-

- -—-ables might lead to unstable or upsetting operating

conditions. To satisly the above requirements,
factorial designs [4] seemed most suitable. They
kept the number of runs small while providing an
opportunity to measure the effects and interactions
related to the variables,

PLEX-1

Overall, three PLEX designs were performed on
the final reaction step which is schematically shown
in Figure 4. In the first step of designed experiments

»
8 REACTOR REACTOR REACTOR
Aes . ] 5 L~ pRODUCT
wmpe T,
PrEsE P. T‘ s

FIGURE 4. Configuration of Final Reaction Step.

(PLEX-1), three variables were chosen: xy—concen-
tration of reactant A in solvent 8, z.—ratio of re-
-actant B to reactant 4, and x;—temperature T in
second reactor. The designed experiments (Table 1)
were performed in random order over an elapsed
period of ten days with eight hours at each oparating
condition. (There were some interruptions due to
slowdowns in other steps in the plant.) Actual levels
of the variables are coded here and the yields are
disguised for the purpose of anonymity. The nota-
tion —1 is for the low level of the variable, 0 for
the mid level, and 41 for the high level. The com-
plete set of experiments represented a 2* factorial
design with repeats and center point. Also, two
runs at extreme levels of concentration of A were
performed with —2 denoting the lowest level and
+2 the highest level. Extreme levelz of the other
variables were not tried because of risk of upset.

During the experimentation there was difficulty
in running all 3 variables on target, and hence the
final configuration of experiments was somewhat
distorted from the original cube. Therefore, the data
were analyzed using the actual settings instead of

Vol. 7, No. 3, kdy 1975
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PLANT EXPERIMENTATION (lf’LEX)

TABLE 1. Statistically Designed Plant Experimentation
' (PLEX-1)

Fun # X3y 3] Xy % Yield

-1 -1 -1, 75.4
" -1 -1 3.9
-1 +1 -1 76.8
+1 -+ -1 72.8-

~1 -1 +1 75.3, 75.3

£1 -1 o 1.4

-1 41 +1 76.5, 17.2
+1 +1 72.3

0 0 74.4, 74.5
-2 [¢] 79.0, 78.4

+2 0 69.2

the target values in Table 1. Both in this and sub-
sequent, PLEX-2 design, the departures from target
were not so serious that reasonable measures of the
variable efiects could not be found using the target
values. Since the analysis of factorially designed
data is often insensitive to small and moderate de-
partures in conditions, the target values could have
been used with little or no loss in 1he data interpreta-
tion. The actual values were only used for the sake
of mathematical rigor.

The results of PLEX-1 exceeded everyone's ex-
pectations. A single variable (concentration of A)
explained 94 % of the variation in yield. (See Figure
5a.) A comparicon of these PLEX results in Figure
5a versus earlier results obtained from the plant
production records (Figure 5b) shows a dramatic
difference in the quality of the data. A combination
of technical supervision to assist in adjusting the

Yol 7, No. 3, July 1975

-2 -1 c t
X, * CONCENTRATION A
FIGURE 5a. Plot of Yield Versus Concentration Alxi}
in PLEX-1.

CODED CONC. {X,)
FIGURE S5b. Prior Production Data on ¥y .

variables and sampling, plus the use of improved
analytical methods, put the data in focus and made

¥

it less ghostlike. y

A simple prediction equation was developed 1o
relate yield to the concentration 4. A least squarcs
fit (i.e., the line that minimized the sum of squares
of distances between the observed and predicted
values) gave the following prediction equation yield

Yield = 746 — 2.2 =,

This equation provided a statistically adequate fit
to the data leaving only 6% of the variation {o be
easily explained by the error variation, as checked
by the repeats. No effects were found due to the
other two variables over ihe ranges studied.
PLEX-2

A second design (PLEX-2) was set up within two
weeks of PLEX-1 to further study temperature 7'
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#nd reactant atio B/A to confirm their unimpor-
tt.;a,i_tce. In addition, two other variables were added:
;t‘;r-:ténlperatlxre 7Ty, and z;—the amount of re-

tant B enterinz the third reactor. A 2 ** fractional -

f,:t,i::to_ri_QI design (4] was applied studying 4 variables

jn eight runs, plus center point, and three repeats™

,(":F able 2). This design was chosen because it allowed
TABLE 2. Statistically Designed Plant Experimentation
T (PLEX-2)

order Of

Jfune Funning

2 : : R 71.0,72.6

FUE
71.4,73.4
72.9
73.3
1.

73,

73.

VARIABLE

x3 ~ B/AR Ratio In Reactor 1
x3 - Temperature T3
X4 - Temperature Ty

X5 - Amount B Entering Reactor 3

the plant to screen four variables in a reasonably
small number of runs. Also, interactions among the
Yyariables were not expected, and hence their inde-
endent effects were not sought by using a full 2!
actorial design.

Fhe target values of the variables were not ob-
tained in all runs. A statistical analysis of the data
psing the actual values showed no significant effect
due to any of the planned variables, but it did show
a significant effect from a “lurking” or “ghostlike”
variable. As seen in Figure 6, there was an approxi-
mate 2 % upward shift in yield after the fifth experi-
ment in sequence. This shift occurred simultaneously
with a change in the purity of the feed material A.
Theoretically, the observed change in purity could
cause a 2% change in yield, and hence it was strongly

Journal of Quality Technology
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FIGURE 4. Plot of Yield Versus Run Order in PLEX-2

suspected as being the lurking variable. Because all
four planned variables were found to be nousignifi-

. .cant over the ranges studied, cost savings could be

realized by setting them at their economic optimum.

. Although 3 and 4 experiments were duplicated in
each of PLEX-1 and PLEX-2 for the primary pur-
pose of estimating the process error variation, the
repeats were also intended to flag any unusual shifts
in the data, as seen previously. Actual selection of
repeat conditions was normally left to the technical
supervisor’s opinion as to which conditions either
required additional data or were convenient to rerun.

PLEX.3

Once the important yield relationships were es-
tablished, priorities shifted to other parts of the
plant, and it was not urntil another seven inonik.
that a third designed set of experiments (PLIZX-3)
was performed on this reaction step. Here, the pur-
pose was to determine if extra cooling requirements
were needed in order to meet the demand for in-
creased throughput. Information on the effect of
changing temperature T, was of primary importance.
Therefore, PLEX-3 was set up to study throughput
rate (z¢) of A and S combined, temperature T4 (z7)
and also pressure P, (zs) in reactor 1. The plant
experiment was a 2? factorial design for 3 varishler
in eight runs plus repeats and center point, (Lable 3).

To show that he was still very much present, the
ghost played havoc with the pressure instrument
thus making the low pressure readings, at best, ap-
proximate. However, high pressure runs were still
judged to be meaningful and showed the main elfects
of temperature T; and throughput rate to have
negligible effects over the range of the variables
studied. There was evidence of a slight temperature-
pressure interaction which could not be confirmed
because of difficulty in running low pressure runs.
In a subsequent one variable study, where only
temperature was varied, a small but significant effect
was found due to temperature when varicd ever 2
50 % wider range,

VYal, 7, No. 3, luly 1975
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TABLE 3. Statistically Designed Plant Experimentation
‘ (PLEX-3)

Run § Xg / x7 Xg t vield

1 -1 -1 -1 74.7, 13.0
2 +1 -1 -1 73.2

-1 +1 ~1 72.8

+1 +1 ~1 71.6, :

~1 -1 +1 72.9, 71.4

+1 -1 +1 71,

=1 +1 41 73.

+) +1 +1 72,

Q 0 0 72,

RATE
Xe

The important results of the PLEX studies in

this reaction step were listed as follows:

(1) identification of the important yield and ca-
pacity limiting variable;

(2) reduction in reactant B level;

(3) information for future cooling requirements;

(4) information on 2 total of eight variables;

(5) direction for new yield and capacity improve-
ments with a potential savings of an addi-
tional 1.5 million pretax dollars yearly;

(6) confidence in running reaction step.

In essence, the PLEX studies provided viluable
process improvement information plus considerable
cost savings, and new levels of profitability,

Vol. 7, No. 3, July 1975

PLANT EXPERIMENTATION (PLEX)

Discussion ’

Two approaches to plant experimentation have
been discussed with specific examples on the PLEX
approach. The second approach, EVOP, has not
been used as yet in the plant discussed here. How-
ever, it should be pointed out that during the course
of the studies on the third reaction step, people re-
ferred to the PLEX program as an EVOP program
because it involved designed experiments in a plant.
But there is a difference, mainly in that a PLEX
study is a series of one-shot efforts for information
gathering under technical supervision, whereas
EVOP is a continuous operating program evolving
toward an optimum. Some may argue the difference
is of no consequence as long as information is gath-
ered with no upset in production. Both approaches
have this goal and hence do not differ in purpose.
However, they do differ in execution and type of
supervision, Also, in PLIEX, the variables are usually
changed over wider ranges of conditions, but this is
done under the alert eye of the technical supervision,
so that warnings of upset are quickly detected and
corrected- In EVOP, the changes in variables are
usually smaller with less risk of upset. However,
with smaller changes, EVOP would normally re-
quire more data and longer time to establish the
significant variables. In choosing between EVOP
and PLEX, one must carefully assess risk, urgency
of information, manpower and other important
production factors. '

Finally, success in the case history was due 1o a
cooperative effort of people from plant operating
staff, plant technical staff, analytical, R&D, and
engineering personnel. No single administrator, en-
gineer, chemist or statistician can claim but a small
part of the total effort. Therefore, duality of author-
ship is not to be interpreted as duality: of effort.
Rather, it was a presumption on the part. of the
authors to think that other people would be inter-
ested in learning about a successful application of
plant experimentation.

7 Epilogue

The question may be asked “Did you catch the
ghost?’’ The following vague answer will be left with
the reader. Shortly after a number of the process
questions were resolved and the process was im-
proved substantially, 2 power failure occurred. The
power failure was traced to a racoon which bad
caused its own demise by coming too close to an
important power supply. Initially, there was some
conjecture that the racoon was our mischievous
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